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SERIAL LIST 


A SERIAL list of the holdings of The Marine Biological Labora- 
tory has been published as a separately bound supplement to The 
Biological Bulletin. This supplement lists with cross references the 
titles of journals in the Library; additional titles and changes are 
published annually. A few extra copies of the original list are 
still available. Orders may be directed to The Marine Biological 
Laboratory. 


BOOKS AND WORLD RECOVERY 


THE desperate and continued need for American publications to 
serve as tools of physical and intellectual reconstruction abroad has 
been made vividly apparent by appeals from scholars in many lands. 
The American Book Center for War Devastated Libraries has 
been urged to continue meeting this need at least through 1947. 
The Book Center is therefore making a renewed appeal for Ameri- 
can books and periodicals—for technical and scholarly books and 
periodicals in all fields and particularly for publications of the past 
ten years. We shall especially welcome complete or incomplete 
files of the Biological Bulletin. 


The generous support which has been given to the Book Center 
has made it possible to ship more than 700,000 volumes abroad in 
the past year. It is hoped to double this amount before the Book 
Center closes. The books and periodicals which your personal or in- 
stitutional library can spare are urgently needed and will help in the 
reconstruction which must preface world understanding and peace. 


Ship your contributions to the American Book Center, c/o The 
Library of Congress, Washington 25, D. C. freight prepaid, or write 
to the Center for further information. 
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THE RESPIRATORY QUOTIENT OF DROSOPHILA IN FLIGHT 


LEIGH E. CHADWICK 


From the Medical Division, Army Chemical Corps, Army Chemical Center, Maryland 


INTRODUCTION 


In view of the unusual performance of insect flight muscles, which are able at 
times to make over a million successive contractions at rates up to several hundred 
per second, information on the biochemical transformations which supply the energy 
for this intense activity is of special interest. The purpose of this study has been 
to ascertain what evidence as to the types of substrate utilized during flight could 
be obtained from continuous measurements of the respiratory ‘quotient. 

The earlier students of the respiration of flying insects, whose results have been 
reviewed in detail by Jongbloed and Wiersma (1934), were generally content to 
assume a respiratory quotient of 1. Jongbloed and Wiersma were the first to 


provide an experimental basis for this theory when they allowed individual bees 
to fly for periods of about 5 minutes in closed containers and showed that oxygen 
was consumed and carbon dioxide given off in nearly equal amounts. Beufler 
(1936 a, b; 1937) then demonstrated that bees and some other Hymenoptera were 
dependent upon sugar for the ability to fly, and in fact for the maintenance of life, 
but because of the specialized physiology of bees and their adaptation to the food 
stores of the hive one is hesitant to transfer these findings without further support 


to other types of insects. 

Nevertheless there is evidence that in the Diptera also the flight respiratory 
quotient is 1. Thus, Chadwick and Gilmour (1940) in two short flights of 5 and 
6 minutes duration found with Drosophila repleta an equivalence of oxygen uptake 
and carbon dioxide output, while Williams and colleagues (1943) were able to show 
for D. funebris and Lucilia sericata a quantitative correspondence over a period of 
60 to 90 minutes between the rate of disappearance of glycogen and the amount of 
flight activity as measured by the rate of wing-beat and the duration of flight. 
Whether carbohydrate was the only fuel consumed during these longer flights was 
not determined. Studies of flight respiration by Davis and Fraenkel (1940) and 
by Krogh and Zeuthen (1941), the most recent known to the writer, were concerned 
primarily with other aspects of the problem, and do not afford a basis for answering 
this question. Therefore, since the technique of Fenn (1928) provides a means of 
making continuous simultaneous measurements of oxygen consumption and carbon 

* These experiments were done while the writer was a member of the Department of 
Physiology of the University of Rochester School of Medicine and Dentistry. 
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dioxide production, it seemed worthwhile to combine this method with stroboscopic 
determinations of the rate of wing-beat in order to study possible fluctuations in the 
respiratory quotient as related to activity, particularly in the later stages of pro- 


longed flights. 
MATERIAL AND METHOD 


The procedure followed differed little from that described by Chadwick and 
Gilmour, except that the Warburg manometers of their experiments were replaced 
by a differential volumeter with side tube for conductivity measurements, of the type 
devised by Fenn. The volume of each vessel was approximately 30 ml.; the capil- 
lary was 30 cm. long and had a capacity of about 5 cu.mm. per cm. CO, given off 
by the insect was absorbed in 3 ml. of 0.01-0.02 M Ba(OH),., which covered the 
bottom of the experimental vessel and was tipped into the side tube for measurement 
of the change in impedance at intervals of 1 minute while flight was in progress. 
Simultaneous records of O,-consumption were obtained from the movement of an 
index drop in the capillary which connected the control and experimental vessels, 
while wing-beat frequency was measured stroboscopically, as described previously, 
at 10-second intervals. 

The sensitivity of the measurements is estimated as follows : 


CO, : +0.02 cumm. (=1 scale division on slide wire of conductivity 
bridge ) 

O, : + 0.025 cumm. (=0.1 mm. on capillary scale read with aid of a 
magnifying glass) 

wing-rate : +1 per cent (manufacturer’s specification for stroboscope ) 


Relatively greater errors were introduced by imperfect synchrony between the 
three types of measurement, since, for example, a lag of 30 seconds between record- 
ings of oxygen and carbon dioxide would place the second observation in excess 
by 50 per cent of the respiratory rate during the last minute of the period of 
measurement. The observers gave special attention to eliminating this source of 
error in so far as possible, so that when the measured amounts of oxygen or carbon 
dioxide have been summed for periods of 5 or more minutes, the uncertainty from 
this cause may be estimated conservatively at not more than 2 per cent of the totals. 

It is more difficult to take account of lag in the absorption of carbon dioxide 
under the conditions of the experiments, where an insect of not more than 1.5 mg. 
weight in a vessel of 30 ml. capacity was using oxygen and producing carbon 
dioxide at variable rates up to nearly 1 cu.mm per minute. Absorption curves were 
determined for the vessel and showed that when a few cu.mm. of CO, were intro- 
duced 93-95 per cent was absorbed in 5 minutes, but these could give only an ap- 
proximation to the actual experiments, the purpose of which was to follow con- 
tinuously the unknown and unpredictably changing rate of gaseous exchange of the 
animal. Since the rate of absorption will be proportional at any instant to the 
concentration of gas existing in the vessel, identical quantities of carbon dioxide 
liberated over a given interval of time will give different percentages of absorption 
by the end of the period, if the lag in absorption is appreciable, depending on whether 
the rate of liberation was constant, rising or falling. Thus one would need inde- 
pendent knowledge of the rate of change in rate of CO,-production in order to 
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apply satisfactorily any absorption “constants” which had been determined for the 
system. For this reason, no attempt has been made to correct the data presented 
below. 

Lag in absorption of carbon dioxide not only introduces an asynchrony between 
the record of respiratory exchange and the measurements of wing-beat frequency 
when sudden changes occur, but may result also in spurious values for the 
respiratory quotient. Consider, for instance, the consumption of 100 units of 
oxygen and the production of 90 units of carbon dioxide during an interval in 
which only 70 per cent of the carbon dioxide produced is absorbed. Readings taken 
at the beginning and end of this period would indicate a carbon dioxide production 
of only 63 units; the remaining 27 units of this gas are still in the vessel, however, 
and occupy space vacated by a similar number of units of oxygen. Consequently 
the volumeter records the disappearance of only 73 units of oxygen. The apparent 
respiratory quotient for the period will therefore be given by the ratio 63:73 
(= 0.86), whereas the true value is 0.90. Thus, the apparent respiratory quotient 
is depressed below the true value, if this is less than 1, and elevated above it, if it is 
really greater than 1. In many experiments lag in absorption will not lead to much 
error in the estimation of the respiratory quotient, since, if the rate of production 
of CO, remains constant, the concentration of the gas in the vessel and consequently 
the rate of absorption will rise, so that in course of time the apparent respiratory 
quotient will approach the true value. But in experiments with insect -flight, it is 
often impossible to allow time for equilibration after changes in the rate of pro- 
duction of CO, 

Evidently, if there had been no other factors to be considered, it would have 
been preferable in this study to have used vessels small enough to make the lag in 
absorption of CO, insignificant. But to have done so would have required rather 
drastic changes, which have not yet proved feasible, in the technique of the con- 
ductivity measurements. The data obtained with the larger vessel are therefore 
presented here and are to be interpreted with appropriate reservations, especially 
for periods in which marked changes occurred in the respiratory rate, such as at the 
beginning and end of flight. 

As specimens for the study, adult males of known age were taken from cultures 
of D. virilis and D. americana, which were kindly supplied by Dr. H. D. Stalker. 
The animals were reared in the laboratory (temperature 20°-25° C.) in half-pint 
bottles on a standard medium. In preparation, the flies were immobilized with 
ether and the dorsal tip of the abdomen fastened with paraffin to a paper mount 
which was later affixed to the stopper of the respirometer vessel. Only one speci- 
men was run ata time. The animal rested in the head-down position in the vessel, 
with the feet in contact with a light spring platform which could be retracted by 
means of an electromagnet situated outside the water bath in which the respirometer 
was immersed. Control measurements were made in order to ensure that the 
respiration recorded was that of the animals rather than the apparatus. 

All experiments were run.at a bath temperature of 20.00+0.01° C. After a 
half-hour for equilibration, the resting respiratory exchange was followed for a con- 
siderable length of time (see Table I) before the animal was stimulated to fly by 
withdrawing the platform on which his feet were supported. Flight continued 
until it ceased spontaneously, after which the resting exchange was again measured 
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for a number of hours during the post-flight period. The animal was weighed 
at the conclusion of the experiment. 

These experiments would not have been possible without the interest and co- 
operation of Professor Wallace O. Fenn, in whose laboratory they were carried 
out. I am also indebted to my wife for assistance with the measurements. 


TABLE | 
Preflight respiratory exchange in Drosophila 
































. | 
Stamber, | «Weight so a) ee, | S| oe 
mg. days min. cu.mm./gm./min. | 
i 15 | 02 120 ae | aa. -) oe 
2 0.9 2 188 31.5 25.1 1.25 
3 0.9 2 71.5 48.5 32.2 1.51 
4 1.0 2 148 40.0 29.2 1.37 
5 10 =| 5 1460 20.6 276 | 0.75 
6 0.7 2 253 35.6 32.1 1.11 
7 1.1 2 | 102 33.4 28.7 | 1.16 
8 0.9 | 2 |. 181 30.8 a | a 
9 1.5 2 380 23.2 18.8 1.23 
10 1.2 3 369 28.6 23.1 1.24 
11 1.4 2 294 28.1 25.0 1.13 
12 1.1 5 367 25.3 18.2 1.39 
13 1.5 7 369 20.8 22.1 0.94 
14 1.2 2 191 37.2 35.2 1.06 
Average 1.7 26.0 1.23 


| | ' 





Specimens numbered 12, 13 and 14 were males of D. virilis; the others, males of D. americana. 


RESULTS 
a. Respiration before flight 

Data on the respiratory exchange during the period before flight are given in 
Table I, in which the age and weight of the specimens are also recorded. 

The average rate of oxygen consumption (26.0 cu.mm. per gm. per min.) is in 
good agreement with resting values which had been determined for Drosophila by 
other methods (Kucera, 1934; Chadwick and Gilmour, 1940). Comparable figures 
for production of CO, seem not to have been published previously. 


b. Respiration during flight 


Of the 14 flies listed in Table I, 6 flew continuously for periods of 56 to 154 
minutes. The respiratory data obtained have been summed for each of these indi- 
viduals over successive intervals of approximately 20 minutes, and are shown to- 
gether with the corresponding average rates of wing-beat and the calculated respira- 
tory quotients in Table II. The correlation between rates of wing beat and of 
respiration is illustrated graphically for 4 of these animals in Figure 1, where each 
point plotted represents approximately 5 minutes of flight. The average rate of 
oxygen consumption during these long flights was about 14 times, and of CO, pro- 
duction about 11 times the previous resting rate ; in the earlier study with D. repleta 
the average oxygen consumption during flight was 13 times the value at rest. 
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TABLE II 


Respiratory exchange of Drosophila in successive periods of longer flights 


| 





Specimen Duration of Average } Total | Total | Average 

number measurements | frequency | CO-output | O:-uptake | R.Q. 
min. beats/min. cu. mm. | cu. mm. | 

1 22 9208 17.14 16.09 1.06 

22 9125 16.39 | 17.68 0.93 

21 8669 13.75 | 14.34 0.96 

22 6927 8.82 9.31 0.95 

3 21.5 9233 8.21 7.17 1.14 

20 7892 5.81 5.82 1.00 

20 7580 5.82 5.61 1.04 

9.3 7004 1.95 2.32 0.84 

10 20.3 9345 14.48 13.89 1.04 

20 8721 11.67 11.36 1.03 

22 7860 10.68 9.98 1.07 

21.3 7827 10.13 10.45 0.97 

21 7729 9.29 9.77 0.95 

20.5 8065 10.88 11.03 0.99 

20.2 8181 11.10 11.69 0.95 

8.8 8201 4.97 4.66 1.07 

11 19.0 9111 11.60 11.92 0.97 

22.3 8219 12.60 12.41 1.01 

18.7 7071 7.10 7.79 0.90 

22.2 6756 7.95 8.09 0.98 

20.2 6519 7.41 7.56 0.98 

22.7 6638 7.14 8.06 0.89 

21.5 6354 6.19 6.30 0.98 

13 20.2 7659 8.83 | 8.96 0.98 

a78 7450 8.09 7.30 1.11 

18.0 6917 6.48 | 6.09 1.06 

14 21.0 8289 9.90 | 10.29 0.96 

17.3 7128 8.59 8.69 0.99 

13.2 7869 6.52 6.78 0.96 

12.8 7632 5.87 5.94 0.99 


Performance in shorter flights is depicted adequately by the data for the initial 
periods of those flies which flew for longer times, and was covered also in the earlier 
publication. 


c. Respiration after flight 


Irregularly spaced measurements of oxygen consumption and carbon dioxide 
production after flight were made on the 6 individuals which flew for long periods. 
These have been recorded in Table III. Differences between the rates determined 
after flight and the average rates before flight are shown in columns 5 and 6 of the 
table. 
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TABLE III 


tory exchange of Drosophila after long flights 


Rate after flight } 
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DISCUSSION 


a. Respiration before flight 
The most striking feature of the preflight respiration was the high respiratory 
quotient, which averaged less than 1 with only 2 of the 14 individuals examined 


(Table I). 


Excess over rate 
before flight 
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CO: Os 


cu.mm./gm./min. 


35 101 
ant 9 
—15 14 
—17 t 
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—23 4 
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24 66 
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Postflight 
R.Q. 


1.04 
0.60 
0.72 
0.96 
0.66 


0.79 
1.12 
1.04 
1.04 
0.76 


~ 
Q0 


.06 
.06 
0.83 
0.90 


So far as could be determined, these observations were not the result 


of any artefact in the experiments and at first it was thought possible that the flies 


might be giving off ammonia as an end product of protein breakdown. 


If this 


should occur, the volumetric determinations of oxygen consumed would yield er- 
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roneously low values, while there would be no interference with the absorption of 
CO,. The possibility was ruled out in several ways. In some experiments (num- 
bers 12, 13 and 14 of Table I) an acid-soaked piece of filter paper was suspended 
in the experimental vessel, but high respiratory quotients were found throughout 
most of the period nevertheless. In other experiments, individual flies were con- 
fined over acid, which was then tested with Nessler’s reagent for the presence of 
ammonia. A few early trials gave some positive results, but later when more care 
was taken to exclude contamination from outside sources, even large numbers of 
flies failed to produce significant amounts of ammonia. The high respiratory quo- 
tients were characteristic only of the first three hours or so of measurement, and fell 
to values of 1 or somewhat less when the observations were carried over longer 
periods. 

While no definite explanation can be given for these facts, which deserve fur- 
ther study, it is suggested that the flies, recently removed from food in the culture 
bottles, may have been laying down energy reserves by conversion of carbohydrate 
to fat. Jongbloed and Wiersma (1934) occasionally noted high respiratory quo- 
tients before flight in their experiments with bees, but were inclined to ascribe these 
aberrant values to experimental error. 


b. Respiration and rate of wing-beat during flight 


Two objectives were in mind during this phase of the experiments: (1) measure- 
ment of the respiratory exchange, and (2) a retesting of the correlation found in a 
previous study between rate of wing-beat and the level of the respiratory metabolism. 

As may be seen from the data in Table II, very seldom did the observations indi- 
cate a respiratory quotient significantly different from 1, even in the later stages of 
continuous flights which lasted from 1 to 2 or more hours. Thus the conclusion 
reached by Williams and colleagues on the basis of glycogen determinations, that 
carbohydrate constitutes the chief source of the energy required for flight, receives 
strong support from the present observations. These workers found that 4 to 5 
day old D. funebris when freshly removed from culture contained glycogen to the 
extent of 4.88 per cent of the live weight. After 90 minutes of flight only 1.30 
per cent remained, so that its rate of disappearance, in terms of the weight of the 
animal, amounted to about 2.4 per cent per hour. Very similar results were ob- 
tained from analyses of thoracic glycogen in the blowfly, Lucilia sericata. 

For comparison, the weights of glycogen equivalent to the CO, which was pro- 
duced in the flights of the present study have been calculated. It was assumed that 
complete oxidation of the carbohydrate to CO, and water occurred, on which basis 
the rate of utilization of glycogen during flight amounted to from 2.0 to 3.2 per cent 
of the final live weight per hour (Table IV). These figures are sufficiently close 
to those obtained by Williams et al. to make it seem likely that glycogen is not 
merely the principal, but probably the sole source of energy consumed during flight ; 
however, the scatter in the results is such as not to exclude the possibility that 
smaller amounts of other types of substrate might also have been utilized, although 
there is no definite evidence pointing in this direction. 

An intimate correspondence between the level of activity and the respiratory 
rate is brought out in the plots of Figure 1, where the logarithms of the rates of 
CO,-production are compared with the logarithms of the rates of wing-beat. Each 
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point represents the average rates over a period of approximately 5 minutes, and 
the rate of production of CO, has been corrected by subtraction of the average rate 
found for the specimen in the preflight resting period. 


TABLE IV 
of Drosophila during long flights 


Glycogen equivalents of respiration 


Specimen | Weight Duration asia Total CO: Calculated consumption 
number | | of flight (approximate) produced of glycogen 


| per cent of 
cu. mm micrograms | micrograms | body weight 
| | per hour 


| 


738,000 | 56.10 110.0 
573,000 21.79 42.7 
1,268,000 83.20 {| 163.0 
1,064,000 60.00 | 117.6 
409,000 23.40 46.0 
484,000 31.29 61.5 
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Inspection of the graphs shows clearly that there must be some underlying linear 
relationship between the logarithms of frequency and respiratory rate. Similar 
results had been obtained during shorter flights in the majority of the experiments 
of Chadwick and Gilmour, who reasoned from a comparison of wing movement 
with simple harmonic motion that the work done per stroke should be proportional 
to the (frequency)*, so that a direct proportionality between (frequency)* and the 
oxygen consumption per stroke would be expected. Essentially the same relation- 
ship was developed from a somewhat different approach by Reed et al. (1942) in 
a study in which the characteristic rate of wing-beat under standard conditions was 
compared with various bodily dimensions for a number of species and races of 


Drosophila. The formula they derived, 
(wing-beat frequency)? = k X muscle volume/(wing area) (wing length)’, 


expresses the fact that the (wing-beat frequency )* increases in direct proportion to 
the power of the motor mechanism and in inverse proportion to the resistance to 
be overcome by the wings. 

If the work done per stroke is proportional to the second power of the fre- 
quency, then the work done in unit time must be proportional to (frequency)’, 
and this quantity would be related directly to the rate of respiration, the energy 
input, through an efficiency factor. In the absence of satisfactory determinations 
of the work output of Drosophila in flight, the actual efficiency remains unknown, 
but the coefficient may be supposed to include, in addition to the overall efficiency 
of the biochemical transformations which supply the energy of muscular contrac- 
tion, a second component expressing the efficiency with which the thorax and wings 
are able to translate muscular work into movement of air. A perfectly linear rela- 
tionship between (frequency)* and rate of respiration would indicate that the effi- 
ciency remained absolutely constant throughout the period of flight, or that changes 
in efficiency were exactly balanced by shifts in amplitude or in the angle of attack. 
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As an aid in visualizing the actual performance, straight lines have been drawn 
through each of the plots in Figure 1 to conform to the equation 


log (CO,/t — r) + log k = 3 log F, (1) 
where CO, = total CO, recorded during time f¢, 
ry = mean rate of production of CO, during the preflight resting period, 


and 


F =average frequency during time ¢ in wing-beats per minute. 


LOG 


Figure 1. CO,.-output as a function of wing frequency in Drosophila. 
sents the average rates during a 5-minute period of flight. The broken lines were calculated 
to conform to the equation log (CO./t—r) +log k=3 log F, with values chosen for log k 
as follows: Specimen number 1, 12.03; number 3, 12.32; number 10, 12.05; number 11, 12.03. 


Each point repre- 
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The quantity & includes a proportionality factor, plus the efficiency, and probably 
also a component related to the bodily proportions of the individual insect, in ac- 
cordance with the findings of Reed et al. The values of k used for determining the 
lines of Figure 1 were calculated for each specimen by averaging the values obtained 
when the paired observations of (CO,/t — r) and F were substituted in Equation 1. 

Although it is evident from the graphs that there is a fairly close correspondence 
between performance as predicted by Equation 1 and the actual observations, it is 
clear also that measurements covering a given 5-minute period may depart rather 
widely from expectation. These random variations are to be explained as due in 
part to experimental error, the result chiefly of lag effects in absorption of CO, 
when rapid shifts in the rate of respiration occurred, and may be ascribed also in 
some measure to alterations in the amplitude of the wing stroke and in the angle 
of attack. Since the work output per minute would vary with the third power of 
the amplitude and with the sine of the angle of attack, small variations in these 
quantities would exert an appreciable effect. Such changes are not infrequently 
noticed under stroboscopic illumination, but unfortunately no satisfactory technique 
has been developed for their measurement. The absence, in spite of these irregu- 
larities, of any consistent trend away from the linear relationship between F* and 
CO,-output as lower rates are encountered in the later stages of flight is noteworthy, 
since it shows that in general the efficiency of flight is the same at this time as when 
the animals were fresh. This could hardly be the case if any great shift had taken 
place in the biochemical reactions which deliver the energy for flight; thus these 
observations give added support to the inference already drawn from the respira- 
tory data: that metabolism of carbohydrate furnishes the energy utilized throughout 
the entire period. 


c. Respiration after flight 


For the first 5 or 10 minutes following flight the measurements consistently 
yielded resting rates of respiration much higher than those found before flight (see 
Table IV). This is almost certainly an artefact resulting from lag in absorption 
of CO, which had been given off during the flight period, and should not be re- 
garded as evidence for an oxygen debt incurred during activity. With smaller 
vessels in which the lag in absorption was negligible, it was shown previously that 
the oxygen debt represented an amount sufficient to sustain flight for only a frac- 
tion of a minute, that it was independent of the length of flight, and that it was paid 
off in 2 minutes after flight had ceased. 

During subsequent periods rather variable results were obtained, both as regards 
the respiratory level and the respiratory quotient. Experimental error was magni- 
fied at the lower rate of gaseous exchange, and in addition the activity of the speci- 
mens varied from time to time. Nevertheless, the values found for the respiratory 
quotient were often significantly less than 1, although the rate of oxygen consump- 
tion fluctuated for some hours within a range close to the preflight average. These 
observations accord with other evidence that the carbohydrate reserves are seri- 
ously depleted by extended flights. 

It is obvious, of course, that flight may be, and normally is terminated by causes 
other than exhaustion of carbohydrate, and since some individuals were found to be 
able to fly for over 2 hours, there is a fair presumption that specimens whose per- 
formance fell short of this figure may have ceased flying with a considerable store 
of carbohydrate still in reserve. Some of the higher respiratory quotients recorded 
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after flight may be accounted for on this basis. The fact that other individuals 
survived for a number of hours with respiratory quotients of 0.70 or less points to 
a fundamental difference between the resting metabolism of Drosophila and bees, 
which according to Beutler succumb within a few minutes if they are allowed to 
fly until their carbohydrate is exhausted. The survival of these flies presents an 
opportunity for investigating the process of recovery under controlled feeding which 
could be made to yield valuable information as to the type of substances which 
can be converted into sources of energy for flight, a phase of the subject concerning 
which nothing is known at this time. 


SUMMARY 


1. Continuous volumetric measurements of oxygen consumption and conducti- 
metric measurements of carbon dioxide production were made at 20° C. on indi- 
vidual specimens of Drosophila americana and D. virilis: (a) before flight; (>) 
during flight to exhaustion; and (c) after flight. During flight the rate of wing- 
beat was determined stroboscopically. 

2. Before flight, the average results were: CO., 31.7 cu.mm. per gm. per min. ; 
0., 26.0 cu.mm. per gm. per min.; R. Q., 1.23. 

3. During flights lasting from 56 to 154 minutes the rate of respiration was ap- 
proximately proportional to (wing-beat frequency)*. The rate of oxygen consump- 
tion averaged 14 times and the rate of CO,-production 11 times the previous resting 
rate. The R. Q. was essentially 1. 

4. Variable rates of respiration were observed after flight; the R. Q. was fre- 
quently much less than 1. 

5. It is concluded that carbohydrate furnishes the principal and possibly the only 
source of energy for flight, and that Drosophila are able to survive for some hours 
after their carbohydrate has been exhausted. 
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THE EFFECT OF ILLUMINATION AND STAGE OF TIDE ON 
THE ATTACHMENT OF BARNACLE CYPRIDS 


CHARLES M. WEISS 
graphic Institution, Woods Hole, Mass 


lhe attachment of barnacle cvprids to exposed surfaces is influenced by the 
degree of illumination and the surface color. Cyprids of Balanus amphitrite and 
Balanus improvisus were found by Visscher (1927) to attach in greater numbers 
to dark or shadowed surfaces. McDougall (1943) noted this same behavior for 
the cyprids of B. eburneus. When exposed only at night, however, Pomerat and 
Reiner (1942) noted that B. eburneus attached to black, clear and opal glass in 
equal numbers. Twice as many barnacles attached to the black glass in natural 
day-night exposures. Gregg (1945) investigated the effect of contrasting dark 
surfaces against lighter general surroundings. He concluded that while no corre 
lation could be established between the degree of contrast and the frequency of 
attachment, “shading” was suggested as acting as a stimulus to the attachment of 
the larvae of B. eburneus to opal glass collectors. 

In the present investigation the rate of attachment of cyprids of B. improvisus 
during daylight and night exposures, and the effect of artificially illuminating the 
collecting surface at night were observed. The effect of the tide on the rate of 
attachment of cyprids was also studied. This work was carried out at the boat 
shed of the Beach Boat Slips Corporation in Biscayne Bay, Miami Beach, Florida. 


METHODS 


Four stations for sampling the barnacle cyprid population were established under 
and adjacent to a covered boat slip which extended 250 feet from the shore, the 


stations being at the outer end of the shed. 

Stations A, B and C were control stations for comparison with Station D, which 
was illuminated at night. Stations A, D and B were spaced 55 feet apart, in that 
order in a north-south line paralleling the general flood and ebb movement of the 
tidal current. Station C was located 60 feet to the west of Station D. The condi- 
tions of natural and artificial illumination at each of these stations were as follows : 
In the daylight hours illumination at each of the four stations was nearly the same 
through the day. The intensity at each location depended on the proximity of the 
shadow of the shed. At Station A, daylight illumination was skylight; at Station 
B, the collector swung in and out of the sun and shadow of the shed with the phase 


Contribution No. 400 from the Woods Hole Oceanographic Institution. The observations 
vere made during an investigation by the Woods Hole Oceanographic Institution under con- 
tract with the Bureau of Ships, Navy Department, which has given permission for their publi- 
cation. The opinions presented here are those of the author and do not necessarily reflect the 
official opinion of the Navy Department or naval service at large. The author is indebted to 
Dr. B. H. Ketchum, Dr. L. W. Hutchins and Dr. A. C. Redfield for helpful advice and criticism 
and to Mr. Alexander C. Frue for assistance in making the observations, 
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of the tide; and Station C was in full sunlight, whereas Station D was under the 
shed roof and in the full shadow. At night, Station D was artificially illuminated, 
while Stations A, B and C were in darkness. 

Collecting units consisting of four pieces of black glass (500 sq. cm. collecting 
area) were suspended from a float. The surface panel was horizontal while the 
others, at depths of 2, 6 and 10 feet, were hung in a’vertical position. The 10-foot 
level was just above the bottom at low tide and three feet higher at high tide. 

The periods of collection, day and night, were eleven hours each, from 7:30 
A.M.—6:30 p.m., and 7:30 p.m.—6:30 a.m. The eleven-hour exposure permitted no 
significant overlapping period of dark to light or light to dark when the collectors 
were in the sea. The one-hour interval between exposures permitted counting, 
cleaning and reimmersing of the collection units. 


TABLE | 


Numbers of cyprids attaching during consecutive night and day periods of eleven hours each at 
three stations. The figures are the sum of the collections on four panels of 500 sq. cm. area each, hung 
at different depths. 


Cyprid attachment night Cyprid attachment day Average 


Stations 


205 =| 306 
279 272 
768 497 838 
160 | 483 


534 778 S| | | 592 1590 
| 
| 


| 533 | 432 | | 1149 | 2355 
301 | 446 541 569 | 1011 
255 | 201 479 | | | ! 802 
219 | 168 | 240 | 564 | 940 
114 9 | 101 | | 








* February 11, 1946-February 16, 1946. ** February 26, 1946—March 3, 1946. 


Although the source of illumination at Station D remained fixed while the col- 
lector unit which hung below it rose and fell with the tide, an average distance of 
5 feet from the lights to the water surface was used in calculating the value of inci- 
dent illumination at the water surface and at the 10-foot depth. The incident illu- 
mination five feet from the lights was measured by a direct reading photometer and 
that at the 10-foot level calculated by using an absorption factor for the local waters 
determined with an underwater photometer. 

The study of cyprid attachment relative to stage and direction of the tide was 
made by counting the cyprids attaching during intervals of two hours throughout 
a tidal cycle in daylight hours only. The collecting units were the same as those 
employed in the illumination experiments. 
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DruRNAL VARIATION IN CyprRip ATTACHMENT 


Observations on five successive nights and four intervening days in two separate 
series indicated that many more cyprids settled during the period of daylight, as 
shown in Table I. In the first set of observations, the ratio of the average of all 
the day collections to the average of the corresponding night collections indicated 
an increase of 2.1 times the number of cyprids attaching in daylight, while in the 
second series the ratio of day to night attachments was 3.5. 

It is of interest to note that in the first set of collections when the cyprid density, 
as shown by total attachment day and night, was lower than the second set of col- 
lections there are examples of day collections being nearly of the same magnitude 
or even slightly less than the night attachments. This condition was found only at 
Stations A and B which were wholly or partially shaded from direct sunlight during 
the daylight hours. A partial explanation of the relatively high night attachments 
of the first set of collections may be due to the fact that these were made under the 
full of the moon whereas the second set were made in the dark of the moon. How- 
ever, when the cyprid density was high, as during the second set of observations, 
no discrepancies from the diurnal fluctuation in attachment were noted. The maxi- 
mum differences between night and day attachments were always found at Station 
C which had the maximum difference in illumination. 


VERTICAL DISTRIBUTION OF CypRID ATTACHMENT 


The vertical distribution of barnacle cyprids at Stations A, B and C showed no 
consistent pattern which would suggest dependence on any particular controlling 
factor. In the first set of collections, shown in Figure 1, the maximum numbers at 
Station A, both day and night, were found at the 2-foot level. At Station B, all 
the day collections showed cyprid peaks at the 6-foot level, whereas, at night, attach- 
ment was nearly uniform between the 2-foot level and the bottom, except for one 
observation. At Station C, the day collections resulted in maxima at the 2-foot 
level on three occasions and a 6-foot maximum on one occasion. 

The second series of vertical samplings, as shown in Figure 2, were made at a 
period of higher cyprid density which resulted in collections of considerable magni- 
tude for several of the eleven-hour periods. However, no consistent pattern of 
vertical distribution was apparent. 

This erratic distribution of cyprids, both vertically and in comparison of sta- 
tions, is of particular interest, in view of the relatively close proximity of the col- 
lecting units. The apparent random attachment of cyprids to the collecting units 
is probably due to a nonuniform distribution of cyprids in the water. Since the 
number of cyprids attaching does not decrease with depth, it is apparent that inten- 
sity of illumination does not control vertical distribution. 


EFFECT OF ARTIFICIAL ILLUMINATION ON Cyprip ATTACHMENT 


The normal diurnal cycle, with lower attachment numbers at night, was abol- 
ished by the use of artificial illumination at night at Station D. The cyprid attach- 
ments at night under artificial illumination at Station D were greater than the day- 
light counts at this location and were nearly as large as the daytime collections at 
Station C where the intensity of daylight illumination was greatest. As shown in 
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Figures 1 and 2, artificial illumination, however, had little if any effect on vertical 
distribution of the cyprids. 

In order to determine the intensity of illumination necessary to increase the 
cyprid attachments at night, the illumination over the collectors at Station D was 
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Ficure 3. Total cyprid attachment for the eleven-hour collection periods at each station. 
The numbers plotted with Station D, night collections, are the values in footcandles at the 
water surface of the artificial illumination employed. 


systematically changed. In the first series, the incident illumination at the water 
surface was varied from 36-1.0 footcandles, and in the second experiment, from 
1.0-0.00 footcandles. The variations in vertical distribution at each station, which 
are apparently due to other factors, have been smoothed by totaling the cyprid accu- 
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mulations from each of the four glass collectors. This figure then represents the 
catch from the cyprid population of a vertical column of water. As shown in Figure 
3, the illumination of the collectors at Station D resulted in a two to sevenfold in- 
crease in numbers of cyprids attaching over those found on the control surfaces. 
The daily variation in cyprid numbers attaching at night to the illuminated collectors 
of Station D resembled more nearly the daily fluctuation in cyprid density as found 
on the daylight collections of Station C. Although the night collections of Station 
D paralleled the cyprid density fluctuations as found at the unilluminated stations, 
they were of course several times greater in magnitude. This result was obtained 
within the limits of illumination of 36 to .08 footcandles at the water surface. On 
the final night exposure of the second series, when Station D was not illuminated, 
its cyprid collection was still slightly greater than the other three stations. How- 
ever, this difference is probably within the normal variation. During the day the 
collections at Station D were of the same magnitude as at A and B and considerably 
less than those at C. 


TABLE II 


Numbers of cyprids attaching in eleven hours at night at the 10-foot depth at Station D as related 
to quantity of artificial illumination and in comparison with the simultaneous attachment at Stations 
A, Band C. 








Value of 
illumination at D 


| 
| 
7 ; ee — — | 
at 10-foot depth | 1/3(A+B+4C) 
| 


D 


(footcandles) 





* 


run 
— s~I UI to bo 


fe ome 


oan 
-09 
.03 ‘ 37 81 
001 ‘ 44 66 
-000 7 15 33 


* Five consecutive nights—February 11, 1946-February 16, 1946. 
** Five consecutive nights—February 26, 1946—March 3, 1946. 


The artificial illumination, even at the 10-foot depth, consistently increased the 
number of cyprids attaching to the collecting surface of Station D in comparison 
with the control stations, as shown in Table II. The ratio of the attachment at 
Station D to the averages of Stations A, B and C indicates the degree of change in 
attachment due to illumination. The greatest differences between the illuminated 
collectors and controls occurred on the second and third nights of the first experi- 
ment when cyprid attachment was at a maximum. In the second set of exposures, 
when cyprid density was high, all the collections at the 10-foot level of Station D, 
even though the illumination was very low, were invariably greater than all the 
controls. 

As indicated above, the illumination of the water surrounding the collectors was 
varied systematically to determine the minimum value to which the cyprid would 
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respond. When the cyprid density was high, thus providing more organisms which 
would by random selection be subjected to the contrast of luminous zone and dark 
area, the greatest’ change in cyprid attachment occurred when the illumination of 
the water surface was changed from 0.6 to 0.2 footcandle. At 0.6 footcandle and 
greater intensities, the difference in cyprid settling, in comparison to the controls, 
was sevenfold, while at 0.2 footcandle and less, the increase over the control col- 
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Ficure 4. Bi-hourly cyprid attachment at each station totaled from the four collecting 
surfaces. The height of tide is noted in decimeter units. February 15, March 7 and 8, 1946. 


lectors was only twofold. However, at illumination as low as .03 footcandle, in- 
creases in attachment over control collectors were still considerable. 

Previous investigations (Visscher, 1927; Pomerat and Reiner, 1942; and 
McDougall, 1943) showed that the barnacle cyprid attaches in daylight in greater 
numbers to dark surfaces than to light surfaces. At night, as is to be expected, 
there is no distinction between the two colors. In this investigation illumination 
of dark collecting surfaces at night increased attachment. One effect of illumination 
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is to increase the contrast between the dark surfaces and the surrounding water. 
In waters with considerable suspended material, as usually found in harbors and 
estuaries, a beam of light is markedly scattered, producing a general illumination 
in the water. A piece of black glass suspended in these waters under a source of 
illumination was discernible to the observer as a black area surrounded by brighter 
water. When the water appears brighter than the collecting surface, at night 
because of artificial illumination, or during daylight, the cyprids may be attracted 
to the darker area by some negative phototropic response and may accumulate there 
in greater numbers than would result from chance encounters. In contrast, in 
the absence of light at night, the numbers of cyprids attaching may depend solely 
on chance encounters with the collecting surface, and are consequently lower than 
during periods of illumination. 


EFFECT OF STAGE OF TIDE 


On collectors exposed through the day and examined at two-hour intervals, the 
maximum numbers of cyprids attached during the low-tide period as shown in 
Figure 4. This was found whether the low tide occurred at midday, in the early 
morning, or late afternoon. As in the case of the longer exposures, there was no 
indication that the distribution of cyprids on the panels was influenced by the depth 
at which they were hung. 

At the location of this experiment, the ebbing tide brings to the boatshed 
water which is isolated within the bay. It is replaced at high tide with oceanic 
water entering the bay on the flood. This is shown by the change in density ac- 
companying the tidal cycle. The isolation of the bay water permits development 
of a large cyprid population, since few of the plankton stages are lost into the ocean 
prior to metamorphosis to the cyprid stage. At the low-tide period, the sampling 
location was occupied by the bay water with high cyprid content, and this apparently 
accounts for the greater attachment at that time. The high attachment at low tide 
cannot depend upon the lessened flow at that time, since a similar slack water occurs 
at high tide when the attachment is minimal. 


SUMMARY 


1. The cyprid larvae of Balanus improvisus were found to settle in a diurnal 
rhythm with maximum numbers attaching during daylight hours. 

2. No consistent pattern of vertical distribution of the cyprids was found. 

3. The normal diurnal cycle in rate of attachment of barnacle cyprids was nulli- 
fied by the use of artificial illumination over the collecting surfaces at night. 

4. The magnitude of the cyprid collection on the artificially illuminated surfaces 
was equal to the collection on the sun-illuminated surfaces in daylight. 

5. The intensity of artificial light necessary to produce large cyprid attachments 
at night was of an order as low as 1 footcandle at the water surface. 

6. No correlation was found between the quantity of artificial light at night and 
the numbers of cyprids attached. 
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7. The highest rate of cyprid attachment relative to the phase of the tide was 
found to occur when the waters of upper Biscayne Bay were sampled at the col- 
lecting station. This body of water reached the sampling station at low tide and 
was characterized by a high cyprid population. 
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EARLY LIFE HISTORY OF THE OYSTER CRAB, 
PINNOTHERES OSTREUM (SAY)! 


MILDRED SANDOZ AND SEWELL H. HOPKINS 


, ‘ . : 
Virgina fisheries Laboratory, 3} 


I NTRODUCTION 


The first and second zoeae of Pinnotheres ostreum have been described by 
Hyman (1924). The five crab stages parasitic in the oyster (Ostrea virginica) 
have been described by Stauber (1945). The present paper is an attempt to com- 
plete the knowledge of the development of the oyster crab from the egg to the first 
crab instar. This work was done at the Virginia Fisheries Laboratory in the 
summer of 1944, under the direction of Dr. Curtis L. Newcombe. 

The first Pinnotherid larva to be described was the zoea of Pinnotheres pisum 
Leach, the British pea crab. This species has three or more zoeae. Other mem- 
bers of the family are said to have two, three or four zoeal stages; in some species 
a megalops stage has been described, while one at least is said to pass directly from 
the last zoea to the first crab. The family Pinnotheridae is noted for the great 
diversity of the zoeae in different species, and this lack of uniformity seems to apply 
also to the number of larval stages. Faxon (1879) stated that the last zoea of 
Pinnixa chaetopterana molted directly into a first crab stage, without a megalops 
stage. Smith (1880) found a megalops in another species of Pinnixa. There are 
only two published descriptions of Pinnotherid megalops: Pinnotheres veterum 
by Lebour (1928) and Pinnotheres taylori by Hart (1935). In the latter there 
are two zoeae and one megalops. 

The first zoea of Pinnotheres ostreum was hatched from the egg by Birge 
(1878), but he was unable to rear second zoeae. Hyman (1925) obtained the 
first zoeae of Dissodactylus mettitae, Pinnotheres maculatus, and P. ostreum by 
hatching, and described the second zoea of P. ostreum from specimens reared from 
first zoeae caught in plankton. 

In the present study, all specimens were reared in the laboratory from the egg. 
Pinnotheres ostreum was found to have four zoeal stages and one megalops, fol- 
lowed by the first crab. 


METHODS 


Ovigerous female crabs were removed from oysters and the egg strands were 
cut away and placed in shallow enamel pans containing sea water. The salinity 
of the water used varied from 20 to 26 parts per thousand while the temperature 
was approximately 23° C. 

On July 15, 1944, a medium brown sponge was removed from an oyster. crab 
and placed in water. One week later first zoeae emerged from the eggs. Ecdysis 

1 Contribution from the Virginia Fisheries Laboratory of the College of William and Mary 
and Commission of Fisheries of Virginia, Number 27 
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of the larval cuticle occurred simultaneously with hatching. Five days later some 
first zoeae molted to become second zoeae, and three days afterward third zoeae 
appeared. All of these third zoeae died in ecdysis without becoming fourth zoeae. 

A second experiment was begun on July 16, 1944. A younger sponge of bright 
orange color was placed in hatching pans. First zoeae hatched at the end of twelve 
days and after three days these specimens became second zoeae. In an additional five 
days the third instar appeared, and after seven more days several individuals 
reached the fourth zoeal stage. There was a high mortality rate during this 
ecdysis. The fourth zoeae were placed in individual glass finger bowls. Six days 
later one megalops completed a successful ecdysis and became a first crab. Three 
other fourth zoeae also reached the megalops stage and eventually one of these 
became a first crab, but the times were not noted. The total time in this experi- 
ment, from the recently laid orange eggs to the megalops stage, was 33 days, and 
the total time required to obtain the first crab was 38 days. The period of larval 
development, from hatching to first crab, was 25 days. 

The length of time spent in each instar during the development seemed to de- 
pend on a number of factors, food. abundance and water temperature having the 
most obvious effect. Few complete records on embryonic and larval development 
of crabs have been published. Hart (1935) found that four or five weeks were 
required for Pinnotheres taylori to pass through two zoeal instars and one megalops 
stage. 

The food used in rearing P. ostreum larvae consisted of concentrated plankton 
from York River. A yellow dinoflagellate was eaten most readily by the zoeae, but 
they also fed on crab eggs. Excess food was removed after feeding to prevent 
fouling. Water was changed every second day and was aerated several times 
daily by pipetting. 

In the morphological study of life history stages it was necessary to use the 
material conservatively, since very few specimens of each stage were preserved. 
Killing and preservation were in 5 per cent formalin. For study, each specimen 
was placed in a drop of glycerine on a slide, a cover glass was put on, and the 
specimen was drawn in toto without flattening. Megalops and first crab stages 
were placed on depression slides to avoid distortion. Cover glasses were removed 
after toto drawings had been made, and the specimens were dissected with ordinary 
dissecting needles. Appendages were pulled off, not cut. Dissected parts were 
arranged in the glycerine with needles and the cover glass replaced, with slight 
pressure. No great difficulty was experienced with this method; in nearly every 
case at least one member of each pair of appendages was found intact and in position 
to draw. All drawings were made with a camera lucida; only very fine details such 
as the setules on feathered setae were added free hand. 


DESCRIPTION OF STAGES 


First zoea (Figs. 1, 3, 4, 6, 8, 9, 12) 


In living specimens, fully extended but not flattened, the total length is 0.90 
mm. In formalin-preserved specimens the total length is 0.7 to 0.9 mm. The 
carapace averages 0.42 mm. in length and 0.27 mm. in width. The eyes are 0.11 
to 0.13 mm. in diameter. There are no dorsal or lateral spines on the carapace. 
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The abdomen has five segments, not counting the telson; its width increases toward 
the posterior end. The second and third abdominal somite bear short triangular 
lateral knobs. The telson has three toothlike lobes, with three setae on each side 
between the lateral and median lobe. The chromatophores are distributed as 
described by Hyman (1925). The antennules are folded to a spherical form, and 
bear two large and one small aesthete or sensory hair. The antennae are not 
visible. The first maxilla (maxillule) has no “epipodital hair”; the protopodite 
bears a chromatophore; the proximal (coxopodite) lobe bears four setae, the distal 
(basipodite) lobe has five, and there are four setae arranged in two groups of two 
each on the two-segmented endopodite. The second maxilla has a chromatophore 
on the protopodite, five setae on the coxopodite, eight or nine on the basipodite, 
three on the endopodite, and four on the scaphognathite. The first maxilliped 
has chromatophores in the coxopodite and basipodite; the basipodite bears eight 
setae, the exopodite has four long terminal setae or “swimming hairs,” and the 
five-segmented endopodite has one seta on the proximal segment, two on the second, 
one on the third, two on the fourth, and five on the terminal segment of which four 
are terminal. The second maxilliped has a chromatophore on the coxopodite, a 
chromatophore and four setae on the basipodite, four “swimming hairs” on the 
exopodite, and four setae on the terminal segment of the two-segmented endopodite. 
No buds of other appendages are visible. 


Second soea (Figs. 2, 10, 13). 


The total length of preserved specimens is 1.48 mm., but these specimens have 
an abnormal swelling between the thorax and abdomen; the normal length would 
be somewhat less. The length of the carapace is 0.57 mm. The eye is 0.12 to 0.14 
mm. in diameter. The first maxilla has an external seta or “epipodital hair,” and 
there are five, seven, and four setae on the coxopodite, basipodite and endopodite, 
respectively. The second maxilla has six, nine, and three setae on these three 
endites ; the scaphognathite has three apical setae and five near the basal end. The 


EXPANATION OF PLATE I 


All drawings made with camera lucida from specimens killed and preserved in 
formalin, mounted in glycerine. Scale A represents 0.4 mm. in Figures 1, 2, 6, 7, 
Scale B represents 0.1 mm. in Figures 3 and 4. 

Figure 1. First zoea of Pinnotheres ostreum, hatched from egg in laboratory, drawn with 
10 X 10 X lenses. 

Ficure 2. Second zoea of P. ostreum reared from egg in laboratory, drawn with 10 * 10 >» 
lenses. 

Figure 3. First maxilliped of first zoea, P. ostreum, drawn with 7.5 43 X lenses; 
swimming hairs of exopodite cut off to allow placement of figure on plate. 

Figure 4. Second maxilliped of first zoea, P. ostreum, drawn with 7.5 43 X lenses; 
swimming hairs cut off figure. 

Figure 5. Telson of third zoea, P. ostreum, drawn with 15 < 10 X lenses. 

Figure 6. Anterior view of first zoea, P. ostreum, drawn with 10 * 10 X lenses. 

Figure 7. Third zoea of P. ostreum reared from egg in laboratory, drawn with 10 < 10 


per cent 
1, and 8. 


5 
7 


lenses. 

Figure 7a. Rostrum of third zoea, P. ostreum, frontal view, drawn with 10 10 
lenses. 

Ficure 8. Posterior view of first zoea, P. ostreum, showing dorsal view of abdomen, 
drawn with 10 x 10 X lenses. 
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first and second maxillipeds each have six swimming hairs on the exopodite. Buds 
of other thoracic appendages can be seen, but there are still no buds on the abdomen. 
Other features are as in the first zoea. 


Third soea (Figures 5, 7, 7a, 11, 14) 

The total length of preserved specimens is 1.3 mm. The carapace is 0.60 mm. 
long (0.58 to 0.63). The eye is 0.14 to 0.16 mm. in diameter. The antennule 
bears three large and one small aesthete. The first maxilla has five setae on the 
coxopodite, eight or nine on the basipodite, and four on the endopodite. The second 
maxilla has seven to nine setae on the coxopodite, nine or ten on the basipodite, and 
three on the endopodite; the scaphognathite has five apical setae and eight to 
thirteen setae between the proximal end and the apical setae. The coxopodite of 
the first maxilliped has three setae, the basipodite has eight or nine setae, and the 
exopodite has eight swimming hairs. The exopodite of the second maxilliped also 
has eight swimming hairs. Buds of the other thoracic appendages are prominent 
and buds of the abdominal appendages are visible. Other features are as in the 
first zoea, except for size. 


Fourth zoea 

Only four or five specimens were obtained, and they molted to become megalops 
before they could be studied. The only known feature is the possession of ten 
swimming hairs on each of the maxillipeds. 


Megalops ( Figs. 15, 16, 17, 18) 


The total length is 1.0 to 1.05 mm. The carapace is 0.60 mm. long and 0.58 
mm. wide. The abdomen, extended, is 0.40 to 0.45 mm. long and 0.17 mm. wide 
across the second segment. The eye is about 0.14 mm. in diameter. The carapace 
has no spines, on the rostrum or elsewhere, but has four to nine setae along each 
lateral edge. The fifth leg has no “feelers” on the last segment. The antennule 
has seven or eight aesthetes on the distal segment (outer flagellum). The antenna 


EXPLANATION OF PLateE II 


\ll drawings made with camera lucida from specimens killed and preserved in 5 per cent 
formalin, mounted in glycerine. Scale A represents 0.4 mm. in Figures 15 and 18. Scale B 
represents 0.1 mm. in Figures 9, 10, 11, 12, 13, and 14. Scale C represents 0.1 mm. in Figures 
16 and 17. 

Figure 9. First maxilla of first zoea, Pinnotheres ostreum, drawn with 7.5 X 43 X lenses. 

Figure 10. First maxilla of second zoea, P. ostreum, drawn with 7.5 X 43 X lenses. 

Figure 11. First maxilla of third zoea, P. ostreum, drawn with 7.5 X 43 X lenses. 

Figure 12. Second maxilla of first zoea, P. ostreum, drawn with 7.5 X 43 X lenses. 

Figure 13. Second maxilla of second zoea, P. ostreum, drawn with 7.5 X 43 X lenses. 

Figure 14. Second maxilla of third zoea, P. ostreum, drawn with 7.5 X 43 < lenses. 

Figure 15. Megalops of P. ostreum reared from egg in laboratory, dorsal view, drawn 
with 10 X 10 X lenses. 

Figure 16. Distal portion of antennule of megalops, P. ostreum, drawn with 6X 44 
lenses. 

Figure 17. First pleopod of megalops, P. ostreum, drawn with 6 X 44 X lenses. 

Figure 18. Dorsal view of right cheliped of megalops, P. ostreum, drawn with 10 < 10 
lenses. 
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is five-segmented with a long slender process and a short seta on the distal segment. 


The abdomen seems to have six segments, but the sixth segment is very indistinct 
and may be fused with the telson. There are four pairs of pleopods, on the second, 
third, fourth and fifth segments ; the exopods of the first three pairs bear six swim- 
ming hairs; those of the last pair have only five. (In the other specimen, the first 
pleopods have five hairs, the second and third have six, and the fourth have four.) 


First crab (Figs. 19, 20, 21, 22, 23) 

The carapace is 0.61 mm. long and 0.59 mm. wide. The diameter of the eye 
is about 0.14 mm. There are no spines on the carapace, but each lateral edge bears 
seven to nine setae. The last two segments of the third and fourth legs bear long 
plumose setae, but there are no “feelers” on the fifth leg. 

It should be noted that these two laboratory-reared specimens are considerably 
smaller than the “‘first stage females” of Stauber (1945). Stauber used this name 
for the youngest females which invade the oyster, evidently not intending to imply 
that they were in the first crab instar. Probably there are two or more free-living 
crab instars before the invasive stage. The smallest “first stage females” found in 
oysters by Stauber were 1.4 mm. wide, and the smallest males were 1.5 mm. 


Oyster crabs in Virginia oysters 

No systematic study of the distribution, abundance, and effects of oyster crabs 
in Virginia has been made, but field notes accumulated by the Virginia Fisheries 
Laboratory give some data on these points. Pinnotheres ostreum has been found 
on all Virginia oyster grounds which have been observed. The percentage of oysters 
infested, on different oyster rocks, varies from less than | per cent to over 80 per 
cent, averaging around 30 or 40 per cent. Immature and mature female oyster 
crabs are found singly in Virginia oysters throughout the year. In only 5 of 276 
infested oysters examined in 1943-44 were two crabs found in one oyster. Mul- 
tiple infestations by male and female early-stage crabs, such as were described in 
New Jersey by Stauber (1942, 1945), were found only once in Virginia, at Cedar 
Island, James River, in the summer of 1945. Notes on females bearing sponges 
extend only from June through August, but the actual spawning season is probably 
much longer than this. P. ostreum zoeae have been found in plankton tows from 
June through August, but few tows were made in other months. 

Significant damage to the gills of oysters by oyster crabs has been noted in many 
cases. Field notes on the condition of oysters generally show poorer condition in 


EXPLANATION OF Piate III 


All drawings made with camera lucida from specimens killed and preserved in 5 per cent 
formalin, mounted in glycerine. Scale A represents 0.4 mm. in Figures 20, 22, and 23. Scale 
C represents 0.1 mm. in Figures 19 and 21. 

Figure 19. Antenna of first crab instar, P. ostreum, drawn with 6 X 44 X lenses. 

Figure 20. First crab instar, P. ostreum, reared in laboratory, dorsal view, pigment 
omitted, drawn with 10 X 10 X lenses. 

Figure 21. Antennule of first crab instar, P. ostreum, drawn with 6 X 44 X lenses. 

Figure 22. Right cheliped of first crab instar, P. ostreum, dorsal view, drawn with 10 > 
10 X lenses. 

Figure 23. First crab instar of P. ostreum reared from egg in laboratory, ventral view, 
drawn with 10 < 10 * lenses. 
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crab-infested than in uninfested oysters, but there are often some crab-infested 
oysters which show excellent condition. Miss Alice Elizabeth Overcash, in an 
unpublished thesis (1946) submitted to the College of William and Mary, has 
studied the “index of condition” of Virginia oysters, including many with oyster 
1000 x dry weight of meat in grams) 
(Volume of shell cavity in milliliters ) 
only 82.3 for crab-infested oysters in York River, compared to 90.6 for oysters 
without crabs. In Rappahannock River she found the mean index of oysters with 
crabs to be only 71.7, while the entire sample averaged 90.0. Both samples showed 
significantly poorer condition in infested oysters. 

There seems to be no doubt that oyster crabs do injure oysters to some extent, 
but we have no evidence that they have ever caused the death of oysters in Virginia, 
as they did in the New Jersey outbreak reported by Stauber (1942, 1945). 





; —— ( 
crabs. She reports that this index averaged 


SUMMARY 


1. The early stages of Pinnotheres ostreum have been reared in the laboratory 
from the egg to the first crab. 

2. There are four zoeal stages and one megalops stage. The four zoeal instars 
are distinguished by having 4, 6, 8, and 10 swimming hairs on the exopodites of 
both maxillipeds. 

3. The time required for development from the early egg (from orange-colored 
‘gg mass) to the first crab instar was 38 days. From hatching to the first crab 
required 25 days. 

4. The first crab being only 0.6 mm. wide, at least one more instar must inter- 
vene before P. ostreum reaches the “first stage” described by Stauber as the young- 
est crabs which invade the oyster. 

5. Oyster crabs are widely distributed and abundant in Virginia waters. They 
tend to keep oyster meats in relatively poor condition, but have never been observed 
to cause mortality of oysters in Virginia. 
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ELECTROKINETIC STUDIES OF MARINE OVA. V. EFFECT OF PH 
CHANGES ON THE SURFACE POTENTIALS OF 
SEA-URCHIN EGGS 


KATSUMA DAN 


Misaki Marine Biological Station, Misaki, Kanagawa-ken, and Zoology Department, Faculty 
of Science, Tokyo Imperial University, Tokyo 


In a preliminary account (Dan, 1931), it was reported that the cataphoretic 
potentials of the unfertilized eggs of the sea-urchin, Arbacia punctulata, could not 
be reversed in sign on raising the concentration of hydrogen ions of the surrounding 
medium. The present paper reports experiments of a similar type which were 
repeated on other kinds of sea-urchins, Anthocidaris crassispina and Pseudocentrotus 
depressus, and the study was further extended to include fertilized eggs. 


METHOD 


Removal of the jelly. When the unfertilized surface was studied, unless other- 
wise stated, the jelly was removed by acid. While a dense suspension of eggs was 
being gently shaken, 1/10 N HCl was added drop by drop until the eggs began 
to show the first sign of sticking to the glass container. After a few more gentle 
shakings, a large quantity of sea water was added and the eggs were washed thor- 
oughly by decantation. By this means, it was possible to reduce the time of the 
eggs’ coming in contact with the concentrated acid to the minimum (less than 10 
seconds ). 

pH adjustment. HCl was added to filtered sea water to an amount ample to 
break down the bicarbonate buffer system. After equilibration, more acid or 
alkali was added to adjust the pH value to the desired level by indicators. When 
the desired pH levels were near neutrality, 1/10 N acid or alkali was used, but when 
they were far removed from neutrality, 1 N solutions were added to minimize the 
lowering of the osmotic pressures. A slight lowering of the osmotic pressure by 
using 1/10 N within the limit here encountered does not affect the surface po- 
tentials of sea-urchin eggs (Dan, 1936). During the experimentation, the super- 
natant solution of the egg suspension was frequently checked for pH value to 
insure its constancy. 

In very acidic media, the eggs were injured. At pH 3.5 or 4.0 they could 
still keep a fairly high fertilizability, if they were left unstirred in the acid and 
later fertilized after being returned to the normal medium. However, in the present 
experiment, stirring was technically unavoidable to some extent. In spite of this, 
pH values down to 2.0 were used for the purpose of obtaining a sufficient insight 
into the electrokinetic property of the egg surface, taking advantage of the fact that 
the killing of the eggs does not modify the potentials (Dan, 1934; 1936; see also 
Winslow, Falk and Caulfield, 1923; Abramson, 1929). 
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Measurement of the potential, The method of measuring the cataphoretic po- 
tentials was practically the same as was reported in the preliminary note and more 
fully discussed in the first paper of this series (Dan, 1933). This was to use a 
horizontal microscope on which a Northrop-Kunitz chamber was mounted. Since 
the stage of the horizontal microscope was situated vertically, the short axis of the 
cataphoretic chamber came to lie vertically. The chamber was filled with an egg 
suspension, and when the eggs began to settle, their paths of fall were recorded by 
a camera lucida. The focus of the microscope was previously adjusted to the level 
at % of the depth of the chamber (Smoluchowski’s layer) and only the eggs which 
came into sharp focus were selected for measurement. Two points were recorded 
to determine the path of fall; the electric current was then sent horizontally (.e., 
at right angles to the path of fall) and the new path was traced. The deviation of 
the new path from the extrapolation of the initial path (with no current) corre 
sponds to the cataphoretic movement. The interval of observation was measured 
by counting the beats of a metronome which was beating once in half a second. 
The potential drop within the chamber was measured by platinum poles inserted 
into the chamber through the glass wall by using a voltmeter with a high internal 
resistance (10,000 ohms, which is about 10 times the resistance of the chamber 
filled with sea water). The cataphoretic potentials were calculated by the formula 
u = DH£/4m, assuming that the dielectric constant of sea water is 80. 

In order to minimize daily fluctuations in technique, readings were, as a rule, 
taken in three adjacent pH values on one day and different combinations of three 
pH’s were studied each day. The data were later handled collectively according 
to the pH values. 


\NTHOCIDARIS CRASSISPINA 


The question, whether or not the surface potential is affected by fertilization, 
has been taken up by several investigators. Gray (1916) examined the agglutina- 
tion of unfertilized and fertilized eggs of Sphaerechinus by CeCl, and came to the 
conclusion that fertilized eggs are carrying a more negative potential than un 
fertilized eggs, basing his conclusion on the fact that a more concentrated solution 
of serium cations was required to agglutinate fertilized eggs than unfertilized ones. 
Runnstrém’s observation (1929, p. 229) tends to support this conclusion. Vlés 
and Nouel in sea-urchin eggs (1922) and Fauré-Fremiet in the egg of Sabellaria 
alveolata (1924, p. 291) made observations on the behavior of these eggs in an 
electric field and arrived at the diametrically opposite conclusion, while Szent- 
Gyorgyi (1921) contended that sea-urchin eggs bore no charge. 

However, some of the above investigations are based on indirect evidence, while 
the others are not quite free from technical dangers. Therefore, it was considered 
worth while to re-examine this point by a more direct technique. As a result, in 
the present paper, not only were the potentials on unfertilized and fertilized eggs 
compared in normal sea water, but the pH-potential curves of both were con- 
structed through a wider range of the pH-scale. Anthocidaris crassispina was se- 
lected as one material. In the measurements of the fertilized eggs, the fertilization 
membrane was left intact. The perivitelline space of this species is very small, 
which is technically advantageous. 

Data are summarized in Table I and graphically represented in Figure 1. (1) 
The potentials on both unfertilized and fertilized eggs of Anthocidaris cannot be 
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reversed in sign as far down as pH 2.0. (2) The maxima of both curves are 
found in the neighborhood of pH 7.0. (3) Though a statistical separation of the 
potentials on unfertilized and fertilized eggs at corresponding pH’s is impossible, 
because of the wide fluctuation of the readings, the fact that the average values of 
the potentials on the fertilized eggs are invariably more positive than those of the 
unfertilized can be taken as a strong indication that the former are really more 


“wv. 


unfertilized eggs 


fertilized eggs 


Ficure 1. Anthocidaris crassispina. 


positive. Needless to say, this is not due to an increase in the viscosity of the 
medium by the addition of the seminal fluid, since the eggs are later washed thor- 
oughly. (4) The pH-potential curve for the unfertilized eggs is more zig-zag 
than that for the fertilized eggs, especially between pH 6 and 7. A repetition of 
the measurement in the following season (Series II of Table I) gave similar results 
which were incorporated in the final calculation. 


PSEUDOCENTROTUS DEPRESSUS 


In order to test the generality of the Anthocidaris findings, another sea-urchin 
Pseudocentrotus depressus was studied. However, in this case, attention was paid 
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TABLE [| 


Potentials on the egg surface of Anthocidaris crassispina in 


= —— = = 
| Unfertilized eggs without jelly 


Medium 


Series I Series II I anc 
Sea water — 24.9+0.78 —23.2+0.38 
pH 7 — 28.5+0.62 — 26.3+0.57 - 
pH 6 —19.9+0.71 —19.7+0.45 _ 
pH 5 —19.9+0.71 —18.5+0.43 = 
pH 4 —13.340.62 — 16.8+0.39 
pH 3 —11.0+0.59 
pH 2 — 5.6+0.90 


Unfertilized eggs with jelly 


Sea water —24.1+0.41 


chiefly to the unfertilized surface. pH intervals were 
of the indicators used. Data are summarized in Tal 


evident from the figure, the general trend of the curv 


that of the two previous ones, with no reversal of the 


millivolts with standard errors 


Fertilized eggs 


i II combined 
— 23.9+0.34 — 20.8+0.79 
27.4+0.46 — 21.5+0.58 
19.9+0.35 — 18.6+0.46 
19.3+0.38 —17.2+0.61 
—15.5+0.47 
— 9.4+0.48 
— 4.0+0.81 


taken to apparent 0.5 units 
le Il and Figure 2. As is 
e is very much the same as 
sign even in the most acidic 


medium (pH 2) and with a maximum slightly on the alkaline side of neutrality. 


I] 


Potentials on the egg surface of Pseudocentrotus depressus in 


TABLE 


Unfertilized eggs without jelly 


Medium Potentials 


Sea water —25.0+0.62 


pH 8.0 — 24.4+0.55 
pH 7.5 —27.0+0.69 
pH 7.0 —26.640.57 
pH 6.5 — 24.5+0.53 
pH 6.0 —23.6+0.60 
pH 5.5 — 22.0+0.44 
pH 5.0 — 20.1+0.53 
pH 4.5 —20.4-+0.46 
pH 4.0 —16.8+0.43 
pH 3.5 —17.0+0.47 
pH 3.0 —13.8+0.55 
pH 2.5 —12.1+0.40 
pH 2.0 — 9140.59 


Fertilized eggs with jelly 


— 28.5+0.71 


Sea water 


millivolts with standard errors 


Indicators 


Phenol red 


Brom cresol purple 


Brom cresol green 


Brom phenol blue 


Meta cresol purple 
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2.0 3.0 4.0 5.0 6.0 7.0 8.0 PH 
Figure 2. Pseudocentrotus depressus. 


DISCUSSION 


In the first paper of this series, it was reported that the potentials on the un- 
fertilized and fertilized (with the fertilization membrane) eggs of Arbacia punctulata 
were — 30.3 and — 28.7 millivolts respectively and the potential on the unfertilized 
eggs in a suspension of dead sperm was — 26.7 millivolts. Comparing these fig- 
ures with the sperm potential and its change under the influence of the egg water 
of the same species studied by Mudd, Mudd and Keltch (1929) : the potential they 
found on the sperm was — 22.0 millivolts in sea water and “an increase in negative 
charge by 13 per cent followed on addition of the egg water.” This means that the 
potential on the sperm in the egg water is — 24.9 millivolts. Now Mudd’s experi- 
ment and the author’s are reciprocal to each other. While the sperm potential 
which is — 22.0 millivolts changes to — 24.9 millivolts in the presence of the egg 
proteins, the egg potential which is — 30.3 millivolts at the beginning changes to 
— 26.7 millivolts in the presence of the sperm proteins. It is highly probable that 
the mixing of two kinds of proteins will shift the resultant potential somewhere in 
between the two extremities. This is particularly likely because both the seminal 
fluid in the author’s experiment and the egg water used by Mudd et al. are ex- 
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tremely low in concentration. If a protein is added in high concentration, the 
potential will coincide with that of a pure protein. 

The above postulate acquires a stronger support when the potential changes of 
other forms are considered. Mudd et al. studied not only the sperm potential of 
the sea-urchin (Arbacia punctulata) but also those of a starfish ( Asterias forbesi) 
and a sand-dollar (Echinarachnuis parma) and further investigated their changes 
in egg waters in various combinations. Fortunately, the potentials of the eggs of 
these species have been measured by the author (Dan, 1934). As is shown in 
Table III, a sperm potential in egg water either falls between the potentials of the 
pure sperm and of the egg or coincides with one of them within 1 millivolt. In 
Mudd’s data, the fact stands out as peculiar that the sea-urchin egg water has a 
specific power to cause a striking increase in the negative potential of any kind of 
sperm (see Table III, column 3) but this is now easily understandable because the 
egg protein of Arbacia has an exceptionally high negativity. 


TABLE III 


Comparison of egg potentials, sperm potentials and sperm potentials in egg water. As egg 
potential, the potential on unfertilized eggs without jelly is used. The figures in parentheses are the 
percentage changes in negativity of sperm potentials under the influence of egg waters. 


\ Egg potential Echinarachnius Arbacia Asterias 
Sperm potential, | 
ca. —20.0 m.v. —30.3 m.v. —19.9 m.v. 


Echinarachnius — 19.6 m.v. — 21.7 m.v. — 16.3 m.v. 
— 16.3 m.v. (+20%) (+33%) ( 0%) 


Arbacia — 21.6 m.v. — 24.9 m.v. — 18.9 m.v. 
— 22.0 m.v. (- 2%) (+13%) (—14%) 


Asterias —17.7 m.v. — 19.2 m.v. 
} 


— 18.1 m.v. (— 2% (+20%) 





The present experiment was started with the above view in mind and it was 
hoped that the difference in the natures of the two proteins (if they are proteins) 
might be brought up more clearly by constructing pH-potential curves in a wider 
range. Asa result, in the Anthocidaris-series, after fertilizing the eggs by the usual 
technique, excess of sperm fluid was added to secure a complete adsorption and then 
the eggs were thoroughly washed free from seminal fluid. In spite of this, both 
curves followed very similar courses except for the fact that the curve for the ferti- 
lized eggs consistently stayed below that of the unfertilized eggs. 

It may be of some significance to point out in this connection that cholesterol 
has a very high electric mobility among substances investigated so far. According 
to Sugawara (1943a, 1943b) the fertilization membrane and its precursor of sea- 
urchin eggs are dissolved by proteolytic enzymes. This does not necessarily mean 
that the fertilization membrane and its precursor are made up solely of proteins. 
They are probably a compound of proteins and lipids and it is not impossible to 
imagine that one of the constituents predominates in the cataphoretic behavior. 
Further elucidation is greatly desired. 





ELECTROKINETIC STUDIES OF MARINE OVA. V. 265 


Concerning the course of the pH-potential curves, the absence of the isoelectric 
point and the existence of a maximum in the vicinity of pH 7 are worth noticing. 
Even though nothing definite can be based on the data at hand, these two points 
may be more or less connected with the high salt concentration of the medium, be- 
cause cases are known in which the addition of salts either shifts the isoelectric 
point to the more acid side (Linderstrém-Lang and Kodama, 1925; Sgrensen and 
Sladek, 1929; Fauré-Fremiet and Nichita, 1927; Haffner, 1922) or brings the 
maximum around neutrality (Winslow, Falk and Caulfield, 1923). The absence of 
the isoelectric point here observed is contrary to Ashbel’s finding (1931). Her 
paper states little about the technique of measurement. As far as this author’s 
result is concerned, the pH-potential curves of sea-urchin eggs run quite close to 
those of Bacillus cereus in change of hydrogen ion concentration in concentrated 
salt solutions studied by Winslow, Falk and Caulfield (1923). The curves re- 
semble each other not only in having no reversal of the sign in the acid range and 
having maxima near pH 7, but also in a decrease in the migration velocity (or the 
potential) in the alkaline region. This third similarity will be discussed briefly. 

In the above-cited investigation of Winslow, Falk and Caulfield, Bacillus cereus 
loses its negative charge at about pH 10. In Bacillus cereus and Bacillus coli, the 
signs of the zeta potentials are reversed around pH 13.5 (Winslow and Shaugh- 
nessy, 1924). In the present data on sea-urchin eggs, since the pH scale is not 
extended so far into the alkaline region, only a downward trend is suspected. On 
the other hand, however, there is a great deal of indirect evidence from agglutina- 
tion experiments, indicating that the absolute magnitude of the surface potential of 
sea-urchin eggs does decrease in the extremely alkaline region. Gray (1916) and 


Vlés (1924) concordantly found that the eggs agglutinate in a high pH region. 

Naturally, a critical analysis is required before we can conclude that in sea- 
urchin eggs agglutination is really an indication that the absolute magnitude of 
the potential has decreased as it is in the case of bacteria or blood cells. This prob- 
lem will be taken up in a later paper. 


SUMMARY 


1. No isoelectric points were found in unfertilized eggs of Pseudocentrotus de- 
pressus and in both unfertilized and fertilized eggs (with fertilization membrane) 
of Anthocidaris crassispina when the pH was changed down to 2 in sea water. 

2. In all the above cases, the maxima are found in the neighborhood of neutral- 
ity. Consequently, in natural-sea water (pH, 8.2), the absolute magnitude of the 
potential is below the highest level. 

3. Fertilized eggs carry a less negative potential than unfertilized eggs. 

4. The data are discussed in connection with the sperm potentials and their 
changes in egg water reported by Mudd et al. 
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In the third paper of this series (Dan, 1936a), the zeta potential of the eggs of 
Arbacia punctulata was measured in NaCl and CaCl., both isotonic to sea water, 
and also in mixtures of the two in various ratios. From that study, the conclusion 
was drawn that the unfertilized surface of the Arbacia egg is ordinarily covered by 
a calcium compound of some sort which, however, dissolves away in the absence of 
calcium ions. This was based on three facts. (1) In higher calcium concentrations 
(more than 1/100 M of Ca in the isotonic mixture), the negative potential de- 
creases, roughly corresponding to the calcium concentration, and this change is 
reversible. This is typical of the ionic effect of divalent cations and it shows that, 
within this range, the egg surface remains inert. (2) On the contrary, in lower 
calcium concentrations (less than 1/1000 M Ca), instead of the increase in nega- 
tivity which is to be expected from the standpoint of the ionic effect, it decreases 
again and this decrease is irreversible. This is interpreted as due to the permanent 
loss of the calcium compound. (3) When Arbacia eggs are fragmented by cen- 
trifugal force into a lighter and a heavier part, the lighter part acquires a potential 
characteristic of a surface devoid of the calcium compound while the heavier part 
has a potential identical with that of the compound. This shows that the calcium 
compound forms a discrete membrane which ruptures on the fragmentation of the 
cell and is ultimately thrown down toward the heavy pole (Dan, 1936b). 

In the first part of the present paper, the same sort of experiment is repeated 
with the present material and in the second part, the effect of cerium chloride is 
examined. 


MATERIAL AND METHOD 


Eggs of the sea-urchin, Strongylocentrotus pulcherrimus, were used throughout. 
Unless specified, the jelly was always removed before the cataphoretic measure- 
ments. The method of removing the jelly and the method of measuring the zeta 
potential are the same as were used in the preceding paper (Dan, 1947). 


SODIUM-CALCIUM MIXTURES 


The data are given in Table 1 and Figure 1. In the region of higher calcium 
concentrations, as in the case of Arbacia, the absolute magnitude of the negative 
potential decreases as the divalent calcium ions increase and this change in potential 
is perfectly reversible. The parallelism between the Strongylocentrotus-curve and 
the Arbacia-curve in this region is particularly striking (see Fig. 1). This means 
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that the potential change under consideration is a typical ionic effect due to calcium 
ions. On the contrary, the two curves diverge in the region of lower calcium con- 
centrations. While the Arbacia-curve comes down in dilutions beyond 1/1000 M 
calcium in mixture, the Strongylocentrotus-curve goes sharply up, and this change 
is reversible. 


TABLE 1 


The zeta potentials of the unfertilized eggs of Strongylocentrotus pulcherrimus under various 
conditions. The values are given in millivolts with standard errors. 


With jelly — 37.3+40.70 
Without jelly — 33.9+0.50 
Without jelly, 4 hours in NaCl, measured in sea water — 33.9+0.53 
Jelly not removed, 3 hours in urea, measured in sea water — 32.9+0.60 
Jelly removed by acid, 4 hours in urea, measured in sea water — 33.0+0.50 
Heat-killed in NaCl — 26.8+0.44 
1/2 M NaCl (intact cells) — 39.7+0.67 
NaCl + 1/100 M CaCl. — 33.4+0.64 
NaCl + 1/10 M CaCl, — 28.9+0.63 
NaCl + 1/5 M CaCl, — 22.7+0.67 
1/3 M CaCl, —17.5+0.40 


If the line of argument used for the case of Arbacia eggs is pursued further, 
the above result must be interpreted as indicating that either the Strongylocentrotus 
eggs do not react with calcium ions or the covering layer of the calcium compound 
of this species is not dissolved away in pure NaCl. The author inclines to adopt 
the latter view. To some extent, this is supported by the fact that Strongylocen- 
trotus eggs are more resistant to cytolysis in NaCl than other species. Of course, 
this result should not be taken to mean that the covering layer of Strongylocentrotus 
eggs cannot be dissolved at all under any circumstance. The peptization of this 
compound may occur in some other solutions or even in 14 M NaCl if a different 
treatment is used. In the present experiment, for the change of medium, the fol- 
lowing procedure was selected as standard. To 20 cc. of the egg suspension in a 
beaker, 200 cc. of 1% M NaCl was gently added and the suspension gently stirred 
to insure complete mixing. After the eggs had settled, as much as possible of the 
supernatent solution was siphoned off and fresh NaCl solution was gently added 
and stirred as before. This washing process was repeated from four to five times. 
Consequently, the eggs were in the NaCl solution for 30 to 40 minutes before 
measurement began. 

In order to test other possibilities, in one series the time factor was changed. 
After the usual washings, the eggs were left in NaCl so that the total sojourn of 
the eggs in this solution was 4 hours. In spite of this the potential did not change 
(Table 1). In another series, isotonic urea solution was tried and this series was 
further divided into two groups. In one group, unfertilized eggs with jelly were 
put directly into urea and left there for 3 hours. Needless to say, the jelly was 
dissolved by the time cataphoretic measurement was begun. In the second group, 
the jelly was removed by acid and the eggs were left in urea for 4 hours. Still, no 
change was observed in the potential. The potential was found to change only 
after the eggs were killed by heat in NaCl. This is undoubtedly due to the effect 
of the internal granules (see Dan, 1933). Therefore the above result shows that 
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the surface calcium compound of Strongylocentrotus (if there is such a compound ) 
is much more stable than that of Arbacia eggs. Unfortunately the number of 
washings was not changed. At any rate, a definite conclusion can be drawn that 
the egg surface of this species is quite resistant to the absence of calcium ions and, 
under the experimental conditions here dealt with, it can be looked upon as an 
inert surface through the entire range of calcium concentrations. 
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Ficure 1. The change in the zeta potentials of the unfertilized eggs of Strongylocentrotus 
in mixtures of isotonic NaCl and CaCl. (A — A) and of NaCl and CeCl, (O-—-O). The 
ratios of the mixtures are expressed by the Ca- and Ce-concentrations respectively which are 
taken as the abscissae. The ordinates are the potential values. The broken line is the curve 
for Arbacia egys in Na-Ca mixtures (VY — VY). Note the parallelism between the Arbacia 
curve and the Strongylocentrotus curve in higher Ca-concentrations and their divergence in the 


region of low Ca content 
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SopIUM-CERIUM MIXTURE 


After examining the effect of calcium, cerium was studied as a representative 
of the polyvalent ions. The egg jelly was removed and the solutions were changed 
in the same way as in the calcium series. One-half M NaCl and 4 M CeCl, were 
used either singly or in mixtures. For this purpose, the fact that the surface of 
Strongylocentrotus eggs remains unaffected in pure NaCl is of a great advantage. 
hecause it is impossible to mix the cerium solution with sea water on account of 
the formation of precipitates. 

As far as the present material is concerned, the immersion of the eggs in cerium 
solution is not very harmful as long as the time of sojourn is not too long. On 
insemination of such eggs after having been returned to sea water, they are ferti- 
lizable except for the fact that the fertilization membrane fails to separate from the 
egg surface (tight membrane eggs). 

On the other hand, there are two complications of a physicochemical nature in- 
volved in the use of cerium salts. One is the contamination of ceric ions in a 
preparation of cerous salt. Trivalent cerous ion is rather susceptible to oxidation 
and it spontaneously changes into tetravalent ceric ion. The former is colorless 
but the latter is light brown, and this transformation is clearly perceptible if the 
cerous solution is left in a transparent glass bottle. Unfortunately, this change 
seems to occur even in the crystals of the former as was revealed by a slight 
brownish tint of the cerous chloride crystals used by the author. But in the current 
study, no attempt was made either to obtain colorless crystals or to remove ceric 
ions, since it was considered that the maintenance of a constant proportion of the 
two ions would be sufficient for the present purpose. However, an attempt was 
made to know the ratio of the two by titration after Knorre’s method (Knorre, 
1897). Ceric ions, 0.0007 M, were found in 0.25 M solution by weight of the crys- 
tals; i.e., the ratio was 1:357. As a result, in the following paragraphs, the rather 
loose term “cerium solution” is used instead of specifying the condition precisely. 


TABLE 2 


The hydrogen ion concentrations of various mixtures of 1/2 M NaCl and 1/4 M CeCl;. 
The ratio of a mixture is expressed in Ce concentration after mixing. 


Concentrations (M) of 1/3000 1/1000 1/100 1/80 1/50 
Ce in NaCl 
pH 7.0 6.8 6.2 5. 5.6 4.7 


The other complication is the change in hydrogen ion concentration of cerium 
solutions. As is well known, among polyvalent cations, it is very difficult to pre- 
pare solutions of different concentrations with the same pH, because the ions pre- 


cipitate. In spite of this, measurements were carried out for a reason which will 


be explained below. The pH’s of the cerium solutions used are given in Table 2. 
RESULTS 


The result of cataphoretic measurements is given in Table 3 and graphically 
represented in Figure 1. As is evident, the curve is again typical of an adsorption 
isotherm, except for the potential value in 1445 M cerium which is obviously off. 
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In this connection, it must be pointed out that sea-urchin eggs, like any colloidal 
particles, stick together when the surface potential is abolished. In a %o9 M solu- 
tion the eggs are extremely adhesive. (This point is specially investigated in 
a following paper.) On account of this, it is quite difficult to take accurate read- 
ings. As mentioned above, many eggs clump together in this medium and when 
large lumps settle, they cause turbulence in the surrounding solution which, in 
turn, affects the readings. The fact that only a few eggs remain single adds to 
the difficulty. For such reasons, it seems to be better to determine the iso-electric 
concentration of cerium solution from the smoothed curve such as is shown in 
Figure 1. 


TABLE 3 


The zeta potentials of the unfertilized eggs of Strongylocentrotus pulcherrimus (without jelly) 
in various mixtures of 1/2 M NaCl and 1/4 M CeCls, the ratios of the mixtures being expressed in Ce 
concentrations in the resulting mixtures. The values are given in millivolts with standard errors. 

1/2 M NaCl — 39.7 +0.67 
NaCl + 1/3000 M CeCl; — 22.7+0.58 
NaCl + 1/1000 M CeC}; — 13.30.57 
NaCl + 1/100 M CeCl; — 0.4+0.80 
NaCl + 1/80 M CeCl; +17.2+0.49 
NaCl + 1/50 M CeCl; + 20.3+0.54 
NaCl + 1/10 M CeCl; +32.3+0.88 
1/4 M CeCl; +41.8+0.80 


DISCUSSION 


The result reported in the first section of this paper led the author to the con 
clusion that, contrary to the case of Arbacia, the surface of the Strongylocentrotus 
eggs remains inert irrespective of whether calcium ions are present or absent in 
the surrounding medium. However, this statement signifies at the same time that 
the change in the zeta potential observed must be brought about by the adsorption 
of the calcium or cerium ions. In fact, the courses of both calcium- and cerium- 
curves are quite like any adsorption isotherms, but this situation can be analyzed 
further. 

It is generally understood that the effects of ions on the zeta potential are two- 
fold. One is the effect of ions on the thickness of the diffuse layer (in Gouy’s 
sense) and the other is the adsorption of ions to the surface (Miller, 1933). Fortu- 
nately, in such concentrated media as used here, the first proposition is practically 
negligible and it is permissible to consider solely the second proposition. The next 
point is that the solutions studied here are not solutions of a single salt but mix- 
tures of two salts. In the Na-Ca series, as the calcium concentration is raised, 
successively three ions of sodium are replaced by two ions of calcium, and in the 
Na-Ce series, two ions of sodium are exchanged for one ion of cerium. Besides 
this, in the cerium series, the hydrogen ion concentration is also changed. But 
Rona and Michaelis (1919), after studying the adsorption of binary mixtures of 
salts by charcoal, came to the conclusion that when two salts are present, the more 
adsorbable ions drive the less adsorbable ions out of the surface so that the net 
result is very much like the adsorption of a single salt. This simplified picture may 
be applicable for the present case, since the adsorbability of trivalent cations far 
exceeds that of monovalent ions for a negatively charged surface. 
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Ficure 2. The plotting of the potential values against the logarithm of the concentrations. The 
Ce-series makes a straight line. The Ca-series does so only in the high Ca range. 


Allowing this much simplification, the data can be checked by a formula for 
adsorption. Freundlich’s adsorption isotherm will be used for testing, which is 


a=a-cl, 


where a is the quantity adsorbed, c, the concentration, a and n are constants (see 
Freundlich, 1930, p. 244). As long as this formula holds, plotting of log a against 
log c ought to give a straight line. For electrokinetics, instead of a, the charge 
density o must be used. But since o is a function of ef, in place of log o, the poten- 


e 


tial value ¢ can be directly plotted (see also Miiller, 1933).* 
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K, the Bolzmann’s constant, namely, R/N = 1.37 X 107%; T, the absolute temperature; m°, the 
number per cm’. of ions of valency Z far removed from the surface. In other words, n° is connected 
to the molar concentration c with the relation of n° = c-606 X 10-*. ¢ is the base of natural 
logarithms; e, the electronic charge. 





En%(e-*et/KT — 1), where is the charge per cm?.; D, the dielectric constant; 
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The curve thus plotted is shown in Figure 2. As is evident, the cerium series 
makes a straight line (neglecting the value in 499 M). This can be taken as a 
proof that the change in potential in cerium solutions is due to the adsorption of the 
cerium cations. A similar plotting for the calcium series is also shown in Figure 2. 
In this case, although a straight line is obtained for the higher calcium region, it 
deviates in the lower concentrations. This can probably be interpreted as indicating 
that in the low calcium region, the effect of sodium ions is no longer negligible be- 
cause the difference in adsorbability and in the potency in influencing the zeta 
potential between sodium and calcium is not so great as between sodium and cerium. 

The next point of importance is the agglutination of the eggs under the isoelec- 
tric condition. However, since this problem will be taken up separately in a 
following paper, the discussion will be deferred until then. 


SUMMARY 


1. The electrokinetic potentials of the unfertilized eggs of Strongylocentrotus 
pulcherrimus were measured in mixtures of various ratios of isotonic NaCl and 
CaCl, and of NaCl and CeCl,. 

2. In the Na-Ca series, as the concentration of Ca-ions in the mixture was raised, 
the absolute magnitude of the negative potential of the eggs decreased. In the 
Na-Ce series, with the increase in concentration of Ce-ions, the sign of the zeta 
potential was reversed. 

3. At the isoelectric point, the eggs agglutinated. 

4. The course of the potential change can be attributed to the adsorption of the 


cations. 
5. The existence of a covering layer and its dissolution in the absence of Ca-ions 
such as were seen in Arbacia eggs have not been found in Strongylocentrotus eggs. 
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In the field of colloid chemistry, the electrokinetic potential is a factor of para- 
mount importance for the stabilization of suspensions and emulsions. In a suspen- 
sion of a single substance the stability is minimum in the isoelectric condition. 

Agglutination of living cells on abolishing the surface potential has been ob- 
served by many investigators in blood cells (Coulter, 1920, 1922; Northrop and 
Freund, 1924; Oliver and Barnard, 1925) and bacteria (Northrop and De Kruif, 
1922a, 1922b; Eggerth, 1923; Shibley, 1924; Falk, 1928; Mudd, Nugent and Bull- 
ock, 1932; Mudd, 1933), and also in some plant cells (Pfeiffer, 1933, 1934). The 
object of the present paper is to see whether a similar relationship exists between 
potential and agglutination in such large cells as sea-urchin eggs and to investigate 
it from the standpoint of surface adhesiveness rather than of agglutination. In the 
majority of agglutination studies, it is conventional to give the critical potentials 
for agglutination. The critical potential however fails to give us adequate informa- 
tion about the physical state of the surface in the pre-agglutination states. The 
author thinks, for this reason, that the study of adhesiveness is better since it leads 
to a wider viewpoint. Studies of this kind are surprisingly few in the literature, 
presumably because of the inadequacy of methods of measuring adhesiveness (see 
Pfeiffer, 1935). 


METHOD 


In the experiments to be reported, the stream method was adopted. The simple 
glass apparatus which was constructed is diagrammatically shown in Figure 1. It 
consists of a series of tubes, each square in cross section but differing in dimension. 
The end with the largest bore is connected to a large flat reservoir (omitted from 
the figure). This end serves as the inlet, and at the opposite end, there is an outlet 
tube provided with a stop-cock. As is evident, for a single run of this outfit, five 
different fluid current strengths can be obtained, the current strengths being calcu- 
lated by the amount of liquid flowing through the tube during a definite time interval. 
By combining a choice of different bores and different pressures, it is easy to get 
a sufficiently wide range of current strengths. Then by taking the percentages of 
remaining cells over the initial numbers for different current strengths, a curve can 
be drawn. This curve will be referred to as the “remainder-curve” in later para- 
graphs. The area circumscribed by the remainder curve and the two axes indicates 
the magnitude of the surface adhesiveness characteristic to the conditions under 
investigation. 
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The actual procedure of the experiment was as follows: a suspension of eggs 
of a suitable concentration was prepared, introduced into the inverted apparatus, 
and the eggs were allowed to settle and lie undisturbed for 10 minutes. (The in- 
terval of 10 minutes was arbitarily chosen but this interval was kept constant through 
all the experiments.) At the end of 10 minutes, the apparatus was reinverted 
(returned to the normal position), so that the eggs were now hanging from the ceil- 
ing, so to speak. Definite areas were then marked out along the midline of the 
tubes of each dimension, quite close to the outlet end, the total numbers of the cells 
included within the marked areas were counted, and the solution was allowed to 
flow for exactly 1 minute (interval arbitrarily chosen). The percentages of cells 
remaining after 1 minute’s flow over the initial numbers in different current 
strengths give a remainder-curve. The positions of the marked-out areas were 
selected near the oulet end of each portion to avoid vortices in the flow near the 
inflow end caused by the narrowing of the tube. The distance from the inflow end 
necessary for obtaining a laminar flow is a function of the dimension of the tube 
and the current strength and can be calculated by the Reynolds number often used 
in hydronamics. 


Side View 





Ficure 1. A diagram of the apparatus for measuring adhesiveness of the cell membrane. 
A series of tubes, square in cross section but differing in dimensions, is made through a glass 
bar (shaded). The large cylindrical tube on the right side is connected to a reservoir by rubber 
tubing. The small tube on the left side is an outlet and the current can be put on or shut off 
by the manipulation of the stop-cock. The eggs are made to adhere to the top wall in order to 
avoid the bumping of the washed-off cells into neighboring cells. It was desired to make the 
tube of the smallest dimension much longer, but this could not be realized because of a technical 
obstacle. 


CRITICAL CONSIDERATION OF THE METHOD 


Current strengths. In the data to be presented, the current strengths are calcu- 
lated from the cross-sectional areas of the tubes and the amount of solution which 
flowed out during 1 minute. But, as is known, the current speed is not uniform 
throughout a cross-section, being maximal in the center and decreasing toward the 
walls. It is possible to treat this condition mathematically, but considering the other 
ambiguous terms involved such as 10 minutes’ resting or 1 minute’s streaming, the 
calculation was not attempted. Only the precaution was taken of selecting the po- 
sitions of the marked-out areas along the midline of the top wall. 

Turbulences. As was already mentioned, the object of marking out a definite 
area near the outlet end was to avoid the turbulences in the flow resulting from the 
narrowing of the tube. But this procedure could not eliminate the secondary turbu- 
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lences caused by the eggs themselves. In order to remove the errors of this source, 
care had to be taken to leave a certain distance between two adjacent eggs which 
could also be calculated. The distance necessary is the greater, the faster the 
current. As a matter of fact, if an adhering cell is observed by a microscope in a 
very strong current, the cell is sometimes seen to be vibrating, which will not happen 
unless it is being washed in a turbulent flow. Although no special attempt was 
made to remove errors of this kind, they were automatically minimized because of 
the fact that, in filling the apparatus with an egg suspension, the number of eggs 
which could get into a smaller tube, where the current speed was greater, was 
much less than that in a larger tube where the rate of flow was relatively slow. 

Glass surface. The inner surfaces of the glass apparatus were polished in order 
to obtain as uniform a condition as possible and they were frequently cleaned with 
cleaning solution. But it soon came to the author’s notice that the first reading 
after a cleaning was always higher than the succeeding readings. The readings 
from the second time on checked very well among each other. This is obviously 
due to the coating of the glass surfaces with proteins during the first measurement. 
For this reason, before starting a series of measurements, filling of the apparatus 
once with an egg suspension was practiced. Between successive measurements, the 
apparatus was washed with isotonic NaCl solution. 

Limit of the method. The maximum current velocity tried in the present investi- 
gation was about 2m./sec. When the egg surface was made extremely adhesive by 
1/200 M CeCl,, even this flow speed could not wash off any cells. If microscopic 
observations were made of eggs in a current speed of around 2 m./sec., the eggs 
were seen to be deformed under the pressure exerted by the current. If the tearing 
force was further increased, finally the main bodies of the cells were torn off, leaving 
small portions of cytoplasm still adhering to the glass wall. This is not due to the 
failure of the membrane adhesiveness to resist the pressure but to the yielding of 
the membrane tension and the cohering force of the protoplasm to the force ap- 
plied. This sets a limit to the method. 


RESULTS 


Hydrogen ion concentrations and adhesiveness. During the work reported in 
a previous paper (Dan, 1947a), it was noted that when the concentration of hy- 
drogen ions of the medium was increased, the sea-urchin eggs stuck together in 
various degrees roughly proportional to the concentration of hydrogen ions. In 
the literature, observations on the agglutination of sea-urchin eggs when an acid is 
added to sea water are frequently met with (Gray, 1916; Runnstrom, 1929; Vlés, 
1924). 

The present experiment was performed on the unfertilized eggs of Anthocidaris 
crassispina from which the jelly had previously been removed. The pH values 
taken were 8.2 (natural sea water), 6.9, 4.7 and 2.7, salt corrections being made by 
Clark’s table. The cataphoretic potentials at these pH’s are — 23.0, — 26.3, — 18.5 
and — 11.0 millivolts respectively (Dan, 1947a). The reasons for selecting these 
pH values are that the first is the natural medium, the second is the medium in 
which the absolute magnitude of the potential is the largest, the third corresponds 
to a point which is just above the critical potential for flocculation of the cells and 
the last is a very acidic medium. The most acidic medium investigated in the 
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(pH 2.0) was intentionally avoided for a reason which will be dis- 


One of the typical results of the adhesiveness measurements is shown in Table 


1 A and B and Figures 2 A and B. 


It is to be noticed that although variation does 


exist in the adhesiveness of different batches, the general feature is very consistent. 











TABLE 1 
The remainder percentages in media of different pH’s 










































































A Stream method oar 
Medium % cm./sec % \cm./sec.) % cm./sec. % cm./sec.| % lem. /sec % 
Sea water 60.0 | 040 | 66.7 | 065 | 130 | 1.28 0 | 200 | oF | 8.00*| 45.8 
ado mv.) 49.1 | 0.40 | “37.5 | 0.65 | | 16.7 | 1.28 | 38 | 2.00, | 0 | 8.00 | 67.0 
| 100.0*| 0.41 | 100.0 | 0.68* | 100.0* | 1.33* | 100.0* | _2.08* 100.0* | 8.33*| 100.0 
|{100.0 | | 0.58 | 100.0* | 0.95* | 100.0 | 1.87 ‘| 100.0% | 2.92* | 100.0 11.53 | 100.0 
Sea water — | | ~~ mt ane 
pH 4.7 |(100.0*| 3.74* | 100.08 | 6.19* | 100.0 | 12.13 4.5 | 75.83 + 
(—18.5 m.v. a 1- - — a — - 
| 100.0 | 3.89 | 100.0 | 6.43 | 83.8 | 12.60 0 78.75 | 100.0 
| 98.7 | 4.07 | 93.1 | 6.74 | 79.6 | 13.20 ‘| 63 | 82.50 | 100.0 
Sea water , | — | 100.0 | 6.80 | 98.6 13.33 ‘| 81s l 83. 33 100.0 
(—Pito mv.) 1100.0 | 7.61 100.0 12.59 | 98.6 | 24.67 81.5 | 154. 16 _ 
3 3 eee =! ean - eae ewe e — 
K Stream method ae 
: ra os eS Se Se 
Medium % jem. ./ sec. % cm./sec. % cm./sec.| % cm. /sec. % cm./sec. % 
Seawater ‘{{ 94.7 0.35 | 883 | 0.58 | 67.4 43 | 443 | 1.79 | 95 | 708 | 7.6. 
ee “77.7 | 0.56 ta | 0.92 | 56.1 | 1.80 “| 41.0 | 2.81 4.8 [ 11.25 a 
100.0 | 0.33 98.1 0.54 ls 84.9 | 1.07 | 73.3 | 1.67 | 3.7 | 6.67 4.9 
“ro {100-0 0.33* 100.0* | 0.55* | 100.06 | 1.08* | 68.4 1.69 ‘| 5.7 6.75 | 2.0 
Sea water || 100.0* | 0.56* | 100.0" | 0.92* | 100.0 | 1.80 | 65.3 | 2.81 2.9 | 11.25 - 
(eamv. |) — | — | ssa] 0. 4* | | 100.0" L 1o7* | 722 | 167 | 19 | 667| 16 
; — | — | 9 | | 0.95 | "98.1 _ 1.86 | 54.6 | 291 | 19 | 11.67 - 
100.0* | 0.37* | 100.0* | 0.61" 100.0* | 1.20* | 100.0 | 1.87* | 97.4 | 7.50 | 100.0 
Sea water \100.0*| 1.90" | 100.0 | 3.13 | 100.0 | 6. 13 | 100.0 | 959 | 57.9 | 38.33 | — 
(—Ps's'in.v.)  |/100.0*| 2.00 | 100.0"| 3.40" | 1000 | 607 | 945 | 1042 | 36.7 | 41.67 | 1000 
||100.0*| 3.96" | 100.0% | 6.53* : 100.0 | 12.79 | 87. 3 “| 20.01 3.3 | 8001 | —_ 
Seawater —*|(100.0 | 4.04 | 98.6 Z 6.66 | 100.0 | 13.05 | 9.7 | 20.42 | 83. 3 | "81.67 | 100.0 
(Pio mv.) = 9 | 11.22 | “100.0 ‘21.98 i“ 89.7 34.39 | | 73.3 [mrs _ 


* omitted from figure. 
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{ , one lot of eggs exposed to two itiene current strengths. 


There are unmistakable differences between the adhesiveness in pH 2.7 and pH 


4.7 and again between that in pH 4.7 and in the two higher pH values. 


But the 


difference in adhesiveness between the two higher pH values is hardly perceptible. 
This is caused by the fact that when the absolute magnitude of the potential increases 





well above the critical potential, the cells become so non-adherent that the present 
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Figure 2A. The remainder-curves of Anthocidaris eggs in sea water of pH 8.2 (normal 
sea water) (O —O), pH 4.7 (A — A) and pH 2.7 (@—@). The ordinates are the percentages 
of the remaining cells, and the abscissae are the current strengths. The area circumscribed by 
a remainder-curve and the two axes is taken as the index of adhesiveness. 
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Figure 2B. Another set of Anthocidaris remainder-curves in sea water of pH 82 
(O-O), pH 6.9 (a — gm), pH 4.7 (A — A) and pH 2.7 (@— @), showing the reproducibility 
of the results among different batches. Note also that the adhesiveness in pH 8.2 and that in 
6.9 are nearly the same although they can be well differentiated by the gravity method (see 
Table 1 B). 
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technique is too crude to show the difference. Fortunately, however, the differ- 
ence can be caught by the gravity method. On inverting the container, the number 
of the cells which fall is greater for pH 6.9 than for pH 8.2 on many occasions 
(see Table 1 B). In pH 6, the inversion of the tube fails to tear off any eggs from 
the wall, which indicates that at pH 6, the adhesiveness suddenly increases. It is 
extremely interesting to remember here that the absolute magnitude of the surface 
potential in Anthocidaris eggs suddenly decreases between pH 7 and pH 6. 

It was pointed out previously that the change in cataphoretic potential caused 
by the change in hydrogen ion concentration is always perfectly reversible. The 
change in adhesiveness is also reversible. An example is given in Table 2 and 
Figure 3. The curves for before and after the treatment with the medium of pH 
4.7 overlap perfectly. One batch of eggs was met with which became unusually 
adhesive in the medium of pH 4.7, but even in that case, the reversibility was perfect. 











50 CM/sec 


Ficure 3. A set of records showing the perfect reversibility in the adhesiveness of the cell 
membrane of Anthocidaris eggs. © — O, the remainder-curve in sea water of pH 8.2. A—A, 
that in sea water of pH 4.7. @—®, that in sea water of pH 8.2 after the treatment with 
acidified sea water of pH 4.7. 


Cerium ions and adhesiveness. The results of the cataphoretic measurements 
of a Na-Ce series were taken from the preceding paper (Dan, 1947b). These 
cataphoretic measurements were not made under exactly the same conditions as 
the present adhesiveness measurements, but they are believed to be comparable. 

An example of the adhesiveness measurements in a Na-Ce series is given in 
Table 3 and Figure 4. This figure is self-explanatory. When the cerium concen- 
tration becomes higher, i.e., as the absolute magnitude of the negative potential de- 
creases, the remainder curves become higher and higher and after passing 1/200 M 
CeCl,, which is nearly the isoelectric concentration, the curves come down again. 
A comparison of the cataphoretic values with the adhesiveness values is given in 
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TABLE 2 


Medium % cm. Isec.| % C m./sec.| 
94.0*| 0.08* | 91.9 | 0.14 
94.0*| 0.24* | 90.0*| 0.39* 
Sea water - - — — 
pH 8.2 94.0 | 0.55 81.8 | 0.90 
(— 23.0 m.v.) eicnadiaies 


84.3*| 0.67* 


100.0*| 0.21* | 100.0* 


78.1*| 1.73*| 
100.0*| 0.55* | 100.0*| 0.90* | 100.0*| 1. 


100.0*| 96.2* 


100.0*) 100.0*| 1.41* 


100.0*| 93.2*| 4.35* | 96.6% 


Sea water a ated 
pH 4.7 100.0*) 4. 325 701° 96.6*| 13.737! 
(—18.5 m.v.) —— sins chiang 


100.0*} 1.23* | 100.0*) 2.04* | 100.0 | 4.00 


100.0*} 2.63* | 100.0*| 4.36*| 94.7 


91.7%) 4.12°| 96.3% 94.7 | 13.33 | 


pone enema ae aes 


90.2*| 0.24*| 94.4*! 0.; 84.2 
Sea water —| . 
pH 8.2 100.0*| 0.23* | 0 | 0.37 
(— 23.0 m.v. ——_ | ——_—_|———_|— 
98.2*| 0.55* ; 0.90 


—— ————1 
50 1 ‘ 150 CM/sec 


Figure 4. The remainder-curves of Strongylocentrotus eggs in 1/2M NaCl (O-—O), 
1/3000 M CeCl, + NaCl (A —A), 1/200M CeCl,+ NaCl (¥—¥W), 1/50M CeCl, + NaCl 
(gs — w) and in 1/10 M CeCl, + NaCl (@— @). 
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TABLE 3 


Medium | &% 


} 


cm./sec.| % cm./ 8ec.| 


1/2M NaCl (—39.7 m.v.) | 67. 0.39 


/3000 M CeCl; in NaC 1 97.7 | 0.57 


91.2 


(—22.8 m.v.) 25.5 | 29.19} 0.9} 59.55 | 


MARINE OVA. VII 


| | 

| | 

% \cm./sec.} |cm./sec.| jem./sec. 
| 


4.79 


1.20; 0 


1.86 | 66.0| 4.61| 56.0| 8.13] 38.9 | 15.06 


5.7| 0.77| 9.4 


0 [105.42 | 


1/200 M CeCl, in NaCl 1100.0 | 1.79 100.0 | 4.56 | 100.0 | 9.11 100.0 | 15. 57 | 100.0 | 2 


(+4.0 m.v.) 


100.0 | 34. 53 | 1100.0 | 46. 88 | /100.0 | 61. 67 | 1100.0 |103. 54 | 100.0 | 18 187. 50 





1/50 M CeCl; in NaC , 7 | 0.24 | 65.4 | 


(+21.4 m.v.) | 8.69 | 12.8 | 15.91 | 


1/10 M CeCl]; in NaCl 
(+33.9 m.v.) 


5 
40 


| 28.0! 0.38 | 





loge -4 


Figure 5. 
and the adhesiveness (@—--- 


0. 40 | 42.2 2 


4.69 


0.76| 33. 3| 1.22 


| 24.4 | 
8.0 | 27. 71| 


4.5 | 63.75 | “1.7 | 105.00 


9.2; 0.74} 0O 





0 


Inverse relation between the absolute magnitude of the zeta potential (O 
@) as plotted against log c of cerium ions. 
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Table 4 and is represented graphically in Figure 5. Inverse correlation between 
the two properties is unmistakable. In this case, considering the crudeness of the 
technique, the adhesiveness values were roughly obtained by cutting out the plotted 
areas and weighing them instead of measuring the areas by a planimeter. The 
ratios of the adhesiveness values are in the order given in Table 4: eg., 


1: 23.5: 80.5: ))) 273.6: 10.2; 9.3:0.7. 
TABLE 4 


Conc. of Ce-ions in mol. | O(NaCl); 1/3000 | 1/2000 |1, 1000) 1/200 | 1/8 
Zeta potentials in m.v. — 39.7 | —22.8*| —18.1*|—13.4 |} 14 4.0* |+18.1 
Ratios of adhesiveness | 


| | 
if: 
| | + 
values 1.0 23.5 | 80.5 — | 2 273. | 10. a} _ 0.7 -- 


0 


1/50 | 1/10 of 1 
21.4 $33.9 1442.6 


* Potential values found by intrapolation. 


SPECIFIC EFFECT OF DIFFERENT IONS ON ADHESIVENESS 


If the catophoretic potential is the only factor involved in determining the adhe- 
siveness of the cell membrane, the eggs should have the same adhesiveness at the 
same potential, no matter by which ions the change is brought about. In order to 
test this, 1/3 M CaCl, 1/2000 M and 1/80 M CeCl, in NaCl were selected and 
the adhesiveness in these solutions was tested. In all three solutions, the absolute 
magnitude of the potential is approximately 18 millivolts. The adhesiveness data 
are given in Table 5 and Figure 6. The figure shows that the above supposition is 
not true. Although the remainder curves in 1/3 M CaCl, and 1/80 M CeCl, follow 
a more or less similar course, that in 1/2000 M CeCl, runs decidedly higher. Of 


% 








CM/SEC 


Ficure 6. Comparison of the membrane adhesiveness of Strongylocentrotus eggs in three 
different media, in each of which the absolute magnitude of the cataphoretic potential of the egg 
surface is about 18 millivolts). O-—O, 1/3M CaCl; A—A, 1/2000M CeCl,+ NaCl and 

@, 1/80 M CeCl, + NaCl. 
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course, there is still room for the argument that since 1/2000 M cerium corresponds 
to the steepest part of the concentration-potential curve (see Dan, 1947b, Fig. 1), 
the greater adhesiveness here obtained may be due to a slight deviation of the cerium 
concentration to the more concentrated side. But a study of the acid series defi- 
nitely negates this possibility. In a preliminary measurement, at pH 3 where the 
zeta potential of Strongylocentrotus eggs is — 19.6 millivolts, the adhesiveness turns 
out to be much higher than that in 1/2000 M CeCl,. 


TABLE 5 


Medium | & | om./sec.| % 
1/3 M CaCl, | 95.1 | 0.26| 86.5 | 0.44| | | 55.9 | 1.33 | 
(—17.5 mv.) | 37.4 | 3.58] 29.5 | 5.58} 23.: .25| 14.0 | 14.60} 12.0 | 30.42 
4.1 | 59.37| 0 |102.50| 


81.8 | 


1/2000 M CaCl, | 99. 
(—18.1 m.v.) 51 
1/80 M CeCl; 94.3 | 0.25 | 96.3 | 0.41] 68.: 1. 3. 
(+17.2 m.v.) 18.5 | 5.10| 104 | 8.80! 8.1 | 15. A | 26. 5.0 | 33. 
3.3 | 70. 1.8 (103.33 | 
| | | | 


| 1.74] 93.9 | 5.40] 


| 15.58! 70.9 | 29.22 


3 
-O | 56.01} 11.5 |103.15 | 


2.9 
Bas 


The above finding is not surprising considering the fact that Northrop and 
De Kruif (1922a) came across the same sort of phenomenon. They conclude that 
within 0.01 to 0.1 N of a salt solution, the potential is a primary factor for adhesive- 
ness, but above 0.1 N, the specific effect of individual ions begins to modify the 
general issue. 

Another complication to be remembered is a biological factor. Reports can be 
found in the literature to the effect that some cells normally have no detectable 
potential yet are not sticky at all (Mudd, 1933). Among marine ova, Cerebratulus 
eggs belong to this class (Dan, 1934). Besides this, adhesiveness measurements 
show that immature eggs with germinal vesicles are stickier than ripe ones, with 
no difference in their potentials. In bacteriology, this secondary modification of 
the potential-adhesiveness relation is attributed to the state of hydration of the sur- 
face. At present, no evidence is available whether or not such a situation exists 
among marine ova. 

At any rate, it can be concluded that so far as sea-urchin eggs are concerned, 
the cataphoretic potential is a predominant factor in determining stickiness in the 
majority of the cases, and that only under certain circumstances can biological 
factors and ionic conditions modify the general trend to a lesser extent. 


DISCUSSION 


In the preceding paragraphs, evidences have been put forward to show that the 
adhesiveness of the cell membrane of sea-urchin eggs is primarily determined by 
the electrical condition of the membrane. 

When the zeta potential is shifted, the adhesiveness also changes. Therefore, 
it is evident that referring only to the critical potentials of flocculation is not a satis- 
factory method. This shortcoming can be supplemented by the present technique. 
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However, for the sake of comparison, if the critical potential of Strongylocentrotus 
eggs is suggested, it must lie in the neighborhood of + 16 millivolts, because in 
the cerium series, — 13 millivolts is decidedly below the critical point and — 22 
and + 21 millivolts are above it, while in the acid series, — 19 millivolts is just 
above the critical point. This figure of 16 millivolts agrees very well with the 
other data obtained in a variety of materials. 

From the standpoint of cell physiology, two points of particular interest will be 
commented upon. When the correlation between the abolition of the surface poten- 
tial and the agglutination of cells was established beyond any dispute in bacteria and 
erythrocytes, it naturally led investigators to attempt to discover the same relation 
in leucocytes. However, the careful investigations of Fauré-Fremiet (1927a, 
1927b, 1928) and Fenn (1922) revealed the fact that the situation is either very 
complicated or the correlation fails entirely to hold in the leucocytes of both verte- 
brates and invertebrates. This fact may be taken as very instructive. As is well 
known, bacteria and erythrocytes are comparatively inert cells, and as such, are 
predominantly fitted for the analysis of purely physico-chemical factors. Attempts 
for further advancements along this path might very likely have been attended with 
more success if they had been directed to egg cells rather than to leucocytes. The 
present work will offer a good example to bring out the contrast of the two materials. 

The last question is how far the cataphoretic potential is connected with vital 
activity. In the present stage of our knowledge, no unanimity has been reached 
among investigators. Many of them even negate a possible correlation between 
the two. Yet, some positive evidences are accumulating. In the bacteriological 
field, it is often suggested that the virulence of pathogenic bacteria (Rosenow, 1933a, 
1933b, 1934; Rosenow and Jensen, 1933) and the nitrogen fixing power of soil 
bacteria (Tittsler, Lisse and Ferguson, 1932) are correlated with the surface 
potential. 

As for sea-urchin eggs, the data are too scanty to warrant a definite conclusion. 
But it is interesting to point out that Schechter (1937), in his study on the endu- 
rance of fertilizability of Arbacia eggs in mixtures of NaCl and CaCl, in various 
ratios, found that the eggs remained fertilizable longest in straight NaCl. This 
means at least in this case, that the longest viability is associated with the highest 
magnitude of the zeta potential. (In Arbacia, the dissolution of the calcium com- 
pound complicates the situation, but so far as the underlying surface is concerned, 
this statement holds. See Dan, 1936, Table IT.) 

This interdependence of high negativity and longevity of the eggs has an inter- 
esting connection with the electrokinetic conditions prevailing on the egg surface in 
a normal environment. In Arbacia, the potential on the internal granules is ca. 
— 10 millivolts, that of the protoplasmic surface is ca. — 20 millivolts, that of the 
calcium compound is ca. — 30 millivolts (Dan, 1936) and finally the potential of 
the jelly is ca. — 35 millivolts (Dan, 1933). In other words, the zeta potentials of 
the enveloping layers become higher in absolute magnitude in the order from the 
interior to the exterior. Among the data so far collected by the author, there is 
not a single exception to this arrangement (Dan, 1934). A priori thinking, where 
there is a barrier of a high zeta potential, more energy will be required for charged 
substances to pass through it, for substances carrying a charge the same in sign as 
that of the barrier will be repulsed at the boundary, while substances with the oppo- 
site sign will be tightly adsorbed. Thus preventing an unnecessary exchange of 





ELECTROKINETIC STUDIES OF MARINE OVA. VII 285 


substances with the environment, this condition may be effective in the protection 
of the cell interior. This is particularly significant for egg cells which have enough 
stored nutrient materials to live for a while independent of their surroundings. If 
we are allowed to go one step further in imagination, this fact may have something 
to do with the unexpectedly high values in the potentials of egg cells. But until 
further researches are made, this shielding effect by the high potential of the envel- 
oping layer is simply offered as a suggestion. 


SUMMARY 


1. A simple apparatus is described for measuring the adhesiveness of the cell 
membranes of sea-urchin eggs by the stream method. 

2. By constructing a curve of the percentages of remaining cells in different cur- 
rent strengths (remainder curve), adhesiveness is expressed by the area circum- 
scribed by the curve and the two axes. 

3. In Anthocidaris eggs, when the zeta potential is changed by hydrogen ions, 
the adhesiveness changes correlatively and the shifts in the potential and the adhe- 
siveness are both perfectly reversible. 

4. In Strongylocentrotus pulcherrimus, both the potential and the adhesiveness 
change pari pasu when cerium ions are added to the medium. Adhesiveness is 
maximum at the isoelectric point. 

5. Specific effects of individual ions play a secondary role in determining the 
membrane adhesiveness. 

6. Related phenomena are discussed. 
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The spiracular cartilages of Selachii differ in their number, shape and develop 
ment among different forms. Concerning the morphological significance of these 
elements, there are two different views. The first is that of Huxley (1876) who 
considers the spiracular cartilage of Heterodontus (Cestracion) to be the separate 
otic process. Concerning this cartilage, he gives the following statement: “This 
small cartilaginous plate, which is connected only by ligament with the periotic 
cartilage above and with the quadrate below, answers to the otic process of the Frog’s 


suspensorium.”’ 

Parker (1879) differentiates between the spiracular cartilages of sharks and 
skates by the following statement: “As a rule, the cartilage developed in the 
spiracular operculum in the shark is a ray (or rays) ; in the skate it is part of the 
body of the arch.” Then he adds: “As to Cestracion, I quite agree with him (re- 
ferring to Huxley) that the spiracular cartilage is the separate otic process, and it is 
worthy of notice that whilst the spiracular cartilages of the sharks are mere rays, 
yet they are chondrified detachments of the thin edge of the tissue that fills the 
primary fold in front of the first cleft.” 

So while he considers the spiracular cartilages of sharks to be mere rays, yet he 
agrees with Huxley in considering the spiracular cartilage of Heterodontus, which 
is also a shark, to be the separate otic process. 

Edgeworth (1925) states that the spiracular cartilage of both Scyllium and 
Heterodontus is formed as a procartilaginous upgrowth of the hind end of the 
palatoquadrate which subsequently separates and chondrifies. From this he con- 
cludes that this cartilage is homologous with the otic process. 

In dealing with the skull of Torpedo, De Beer (1926) describes a single 
spiracular cartilage which is connected with the posterior part of the palatoquadrate 
by dense tissue, and he is inclined to believe that it represents the otic process. 

The otic process of the amphistylic Notidanidae is described by Goodrich (1909) 
to articulate with the post-orbital process of the aduitory capsule and to pass outside 
and above the hyomandibular nerve. 

The spiracular cartilage does not show these relations which are typical of an 
otic process. As a matter of fact, it lies far behind and much below the post-orbital 
process and it is separated from the latter structure by the large levator maxillae 
superioris muscle. The fact that it lies posterior and somewhat mesial to that 
muscle shows, as Allis (1914) points out, that it cannot be a part of the otic 
process. 
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Against this view also is the fact that whereas there is a single spiracular carti- 
lage in such forms as Heterodontus and Scyllium there may be two of these carti- 
lages as in Acanthias or even three as in Centrophorus. The presence of two or 
more spiracular cartilages in some Selachians is by no means in favour of Huxley’s 
interpretation. 

The other view concerning the spiracular cartilages of Selachii is that of Gegen- 
baur (1872), who considers these cartilages to be modified mandibular rays. 

In supporting this view, Holmgren and Stensio (1936) state that the spiracular 
cartilages must be interpreted as branchial rays of the mandibular arch. They 
think that their similarity to the branchial rays is perhaps most obvious in Scymnus, 
where they are represented by two flat, rod-like cartilaginous plates parallel to each 
other. 

The development of the spiracular cartilages in the spiny dogfish, dcanthias 
vulgaris, favours Gegenbaur’s view to a great extent and it shows thoroughly well 
that these structures are mandibular rays. They are developed in relation to the 
anterior spiracular wall to which they give support and they have always been found 
to have the same relation to the mandibular arch as the ordinary branchial rays to 
their corresponding arches. 

They resemble the ordinary branchial rays, not only by their general appearance, 
both being slender, rod-like structures, but also by the fact that they chondrify at a 
later period than the mandibular arch. This is quite the same in the case of the 
branchial rays, the chondrification of which always takes place after that of their 
corresponding arches. 

It has been observed that in a 39 mm. embryo of Acanthias vulgaris, where both 
the palatoquadrate and Meckel’s cartilage are present as chondrified elements, the 
spiracular cartilages have not yet appeared as such. At this stage only the outer 
spiracular cartilage is present (Fig. 14, o.sp.c.). It is in‘the form of an elongated 
mesenchymatous band which stands, more or less, vertically above the posterior end 
of the palatoquadrate. This band is well-defined and it stains deeper than the 
surrounding connective tissue from which it is, therefore, easily detectable. It is 
curved in such a way that its outer surface is convex and its inner one is concave. 
Its ventral end fits closely on the dorsal surface of the palatoquadrate, nearer to the 
outside than to the inside. Inner to this spiracular cartilage, is to be seen in the 
section, the spiracular pouch which is extending, more or less, obliquely and which 
is connected with the pharynx by an elongated, narrow tube. It opens to the out- 
side in a more posterior section. 

The spiracular cartilages were then studied in a 45 mm. embryo, the cartilaginous 
skeleton of which has been stained with methylene blue by Van Wijhe’s method 
(1902) and micro-dissected. At this stage, not only the outer spiracular cartilage is 
present, but also the inner one. But they are not present as true cartilaginous 
structures since they have not become stained with the methylene blue. The latter 
stain, as Van Wijhe pointed out, differentiates not only between cartilage and 
other tissues, but also between cartilage aud procartilage. Although the spiracular 
cartilages did not become stained with the methylene blue as other parts of the 
cranium in which chdndrification proceeded, they are more rigid than the surround- 
ing tissues and could be easily shown in the dissection. 

They are present at this stage as two slender procartilaginous rods which form 
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nearly right angles with the posterior part of the palatoquadrate (Fig. 2, t.sp.c. and 
o.sp.c.). They are somewhat curved towards the posterior end of the animal and 
their ventral ends are in contact with the upper surface of the palatoquadrate. 


Ficure 1. Transverse sections in the head region of Acanthias vulgaris showing the spiracular 
cartilages of: A, 39 mm.; B, 64 mm. and C, 110 mm. embryos. 


These ventral ends are broader than the dorsal ones which are pointed. The outer 
spiracular cartilage, which, as stated above, appears earlier than the inner one is 
more elongated than the latter element. Their relation to the palatoquadrate, is 
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here strikingly similar to that of the hyal rays to the hyomandibular and ceratohyal, 
as well as to that of the branchial rays to both the epibranchials and ceratobranchials. 

Mori (1924), in describing a 44 mm. embryo of Acanthias, states that there is 
a single spiracular cartilage which is oval in shape and which has its longer axis 
parallel to that of the palatoquadrate. This description is not correct as it has been 
found that the spiracular cartilages are always, in Acanthias, rod-like structures 
which stand at right angles to the palatoquadrate. 

Although Sewertzoff (1899) describes also a single spiracular cartilage in his 
50 mm. stage, yet his description of this single element is in accordance with that 
of the 45 mm. embryo given above. This cartilage is rod-like and is at right angles 
to the palatoquadrate. 


ant. F. pr 
S.Orb.¢. ,- P ce 0.Sp.c. 


Figure 2. The chondrocranium of 45 mm. embryo of Acanthias vulgaris stained with methylene 


blue and micro-dissected to show the relation of the spiracular cartilages to the palatoquadrate. 


In the following stage, which is a 64 mm. embryo, the two spiracular cartilages 
have chondrified and they still retain their approximation to the palatoquadrate 
(Fig. 1B). The outer spiracular cartilage is thicker than the inner and its base is 
closer to the palatoquadrate. The inner has grown more dorsally than in the 
previous stage. The ventral ends of both of them are surrounded by mesenchy- 
matous tissue which extends ventrally to lie in contact with the dorsal surface of the 
palatoquadrate. Dorsal to the spiracular cartilages and lateral to the auditory 
capsule, is shown, in the section, the most posterior part of the levator maxillae 
superioris muscle (/.mzx.s.). It is attached dorsally to the supra-otic crest of the 
auditory capsule which is, here, not yet well-developed. 

In a later stage (102 mm. embryo) the development of the spiracular cartilages 
proceeded further by their growth in the dorsal direction, particularly the inner 
one which now exceeded the outer in length. Its dorsal end lies now opposite the 
upper surface of the lateral semicircular canal (Fig. 34). The relation of the 
two spiracular cartilages to the palatoquadrate is the same as before and again the 
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outer lying closer to it than the inner. They are somewhat facing backwards and 
they lie right at the back of the levator maxillae superioris muscle. 

Whereas these cartilages are quite simple rods in the previous stage, their 
structure is here rather interesting. The outer spiracular cartilage has a bifurcate 
dorsal end, the outer of the two branches is somewhat broadened to form a small 
lamella while the inner one is slender (Fig. 3A’). The dorsal end of the inner 


S.0rb.c. ( mx.s. s.ot.c. . SP.C. 


PY: M:C. ad. md.m. 


Figure 3. Lateral and posterior views of the spiracular cartilages of 102 mm. embryo of 
Acanthias vulgaris (A and A’) ; same of 270 mm. embryo (B and B’). 


spiracular cartilage is, on the other hand, divided into two branches which are 
nearly of the same thickness. The tips of the four branches lie, in the figure, on a 
curved line which represents the margin of the anterior spiracular wall. 

The distinct bifurcation of the dorsal ends of the two spiracular cartilages is 
interesting owing to the fact that they show great resemblance to the branching 
hyal rays of the same stage. These latter rays are shown in Figure 4 where some 
of them are simple rods of cartilage while others have bifurcate posterior ends. 
Great similarity is to be observed on comparing the two spiracular cartilages with 
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these bifurcate hyal rays of the same individual. Each one of the latter structures 
possesses a simple stalk which lies apposite the ceratohyal and a bifurcate posterior 
end which lies away from it. The spiracular cartilages are strikingly similar to 
them and they differ only in extending dorsally instead of posteriorly as these rays 
extend. This similarity favours the view that they are nothing but mandibular rays 
formed to support the anterior spiracular wall. 


v.exh.5—~ 


Ficure 4. Hyal and branchial rays of 102 mm. embryo of Acanthias vulgaris stained with 
methylene blue and micro-dissected. 


The spiracular cartilages are also shown to be bifurcate in a still older stage (110 
mm. embryo) which has been sectioned. In this latter embryo they are more de- 
veloped than in the previous stage and they spread over a large area in the 
spiracular wall. The two branches of the outer spiracular cartilage are shown 
in the section (Fig. 1C, o.sp.c.). Of the inner one, only the outer branch is found 
in the same section, while the inner branch is to be seen in another section. Inner 
to them, there is the posterior part of the levator maxillae superioris muscle which 
extends from the supra-otic crest above to have its ventral insertion on the dorsal 
surface of the palatoquadrate. The latter cartilage is here well-developed and 
possesses a prominent ventral process which adds to the efficiency of the attachment 
of the adductor mandibularis muscle to that cartilage. Inner to the palatoquadrate 
there is the efferent pseudobranchial artery (ef. psd.) which extends from the 
spiracular pouch to unite with the internal carotid artery (1.c.) after piercing its 
way through the lateral cranial wall. 

The bases of the two spiracular cartilages are present in a more posterior section 
where they lie quite close to the palatoquadrate cartilage, the same as in the previous 
stages. This section is chosen mainly to show the two branches of the outer 
spiracular cartilage which are extremely distinct. 

Finally the spiracular cartilages have been dissected in a 270 mm. embryo, a 
stage in which the yolk sac has completely disappeared and the embryo is ready to 
leave the body of the female fish and lead a free life. They are here broader than 
before in the transverse direction, so that in a posterior view (Fig. 3B’) they appear 
as two small plates of cartilage instead of being rod-like as in the previous stages. 
At the same time the bifurcation of their dorsal ends is about to disappear com- 
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pletely. This is brought about by the growth of the two branches of each spiracular 
cartilage towards each other to fill up the space lying between them. This growth 
has advanced in this stage to such an extent that only the tips of the original 
branches are to be observed. As a result, the dorsal part of each spiracular cartilage 
is much broader than its ventral part and it is present as a somewhat broad, flat 
lamella carried by the original stalk of each cartilage. The original bifurcation, 
though nearly completely obscured, is still to be detected at the upper margin of that 
lamella. 

In a lateral view, the spiracular cartilages are strongly curved backwards, this 
curvature following that of the spiracular pouch (Fig. 3B). Their ventral ends are 
also in contact with the upper surface of the palatoquadrate. 

The spiracular cartilages of this stage are quite similar to those of adult 
Acanthias where they are described by Wells (1917) as two small, flat cartilage 
bars. The only difference is the complete disappearance of the original bifurcation 
of their dorsal ends in the case of the adult fish. 

The development of the spiracular cartilages in Acanthias vulgaris, therefore, 
supports completely the view expressed by Gegenbaur that these cartilages are 
simply mandibular rays. Summarizing the facts upon which this conclusion is 
based, they are as follows: 


1. They chondrify at a later period than the mandibular arch which is in com- 
plete accordance with the chondrification of the ordinary branchial rays with re- 
spect to their arches. 

2. They are, particularly at early stages of development, quite simple rods of the 
same shape as the branchial rays and they articulate with the palatoquadrate in a 
way which is similar to the articulation of the latter rays with their corresponding 
arches. 

3. The fact that at a certain stage of their development they have bifurcate dorsal 
ends and that this bifurcation makes them quite identical with the bifurcate hyai 
rays of the same stage is a good support to that view. 

4. At no stage of development whatsoever, have they been found to be in con- 
tinuity with the palatoquadrate, a fact which is against the idea that they represent 
the separate otic process. 

5. The fact that they lie posterior to the levator maxillae superioris muscle and 
far away from the post-orbital process shows that they do not occupy the position 
of a typical otic process. 


When we compare the function of the spiracular cartilages, which are supporting 
the anterior spiracular wall, with that of the branchial rays, a great similarity be- 
tween both structures is to be observed. The branchial rays are developed in rela- 
tion with the gill lamellae to which they give support. It is well-known that the 
spiracular pouch represents the remains of an originally functional gill pouch which 
existed between the mandibular and hyoid arches and which was comparable with 
any of the following gill pouches. Such a functional spiracular pouch is described 
by Watson (1937) in the Acanthodians. It existed between the mandibular and 
hyoid arches with the result that the latter arch was free and did not function as a 
suspensorial element. In these latter fishes, not only the palatoquadrate but also 
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Meckel’s cartilage, carries a complete set of mandibular rays. They are developed 
to support a mandibular operculum which is present in these fishes. 

The existence of a functional gill pouch between the mandibular and hyoid 
arches is, therefore, from the palaeontological point of view, beyond reasonable 
doubt. When such a functional gill pouch has been reduced into the spiracular 
pouch during the phylogenetic development of the Selachii, it follows that the rays 
related to this pouch should also be reduced in number. In the latter fishes, there- 
fore, it is to be considered that the spiracular cartilages are the remains of a com- 
plete set of mandibular rays which existed in their ancestoral forms and which used 
to support a functional gill pouch lying between the mandibular and hyoid arches. 
Even after this reduction in number took place, the function is still the same and 
the spiracular cartilages are present to support the walls of the reduced spiracular 
pouch. 
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EXPLANATION OF LETTERING 


a.s.c., anterior semicircular canal ; 
ad.md.m., adductor mandibularis muscle : 
aud., auditory nerve; 

aud.c., auditory capsule ; 

b.hy., basihyal ; 

br.r., branchial rays ; 

ch., ceratohyal ; 

d.end., ductus endolymphaticus ; 

ef.psd., efferent pseudobranchial artery ; 
f.pr., foramen prooticum ; 

gl., glossopharyngeal nerve ; 

hm., hyomandibular cartilage ; 

hm.V IT, hyomandibular branch of facial nerve ; 
hy.r., hyal rays ; 

i.c., internal carotid artery ; 

i.sp.c., inner spiracular cartilage ; 

Lhy.m., levator hyomandibularis muscle ; 
l.mx.s., levator maxillae superioris muscle ; 
L.s.c., lateral semicircular canal ; 

la.orb., lamina orbitonasalis ; 

M.c., Meckel’s cartilage ; 

m.o., medulla oblongata ; 

n., notochord ; 

o.sp.c., outer spiracular cartilage ; 

o¢.d., occipital arch ; 
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orb.c., orbital cartilage ; 

orb.p., orbital process of palatoquadrate ; 
p., parachordal ; 

p.ant., pila antotica ; 

ph., pharynx ; 

po.c., polar cartilage ; 

pq., palatoquadrate ; 

v., rostrum ; 

s.orb.c., supra-orbital cartilage ; 

s.ot.c., supra-otic crest ; 

sp., spiracle ; 

Sp.p., spiracular pouch ; 

t., trabecula; 

t.m., taenia marginalis ; 

t.pr., lateral trabecular process ; 

tr.f., trochlear foramen ; 

v.c.l., vena capitis lateralis ; 

v.exb.1—5, first to fifth ventral extrabranchials ; 
v.exh., ventral extrahyal ; 

vg., Vagus nerve. 
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